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Abstract

Nicotiana benthamiana is now an established platform for molecular farming, the
production of biopharmaceuticals in plants. Infiltration with Agrobacterium tumefaciens
(agroinfiltration) is commonly used to transiently express one or multiple transgenes
in N. benthamiana leaves. Agroinfiltrated N. benthamiana is a flexible and scalable
recombinant protein (RP) production platform, but is impeded by low RP yields. Plant

proteases can degrade RPs and thus limit RP accumulation.

To inform, design and implement strategies for enhancing RP accumulation, | present
four papers about proteases and protease inhibitors in agroinfiltrated N. benthamiana.
First, | investigated the transcriptome, extracellular proteome and active secretome to
understand the plant response to agroinfiltration and investigate the expressed
proteases. | show that an extracellular immune response is mounted at the expense
of photosynthesis. Comprehensive annotation and monitoring uncover a large, diverse

repertoire of proteases in agroinfiltrated leaves, indicating that broad-range depletion



of protease activity may be required to enhance RP accumulation. Second, | reviewed
the literature on multifunctional plant protease inhibitors (Pls) and grouped them into
three types of multifunctional Pls that evolved independently. Third, | screened
candidate Pls and discovered that three new, unrelated Pls enhance RP
accumulation. | present universal elements of the RP degradation machinery,
uncovering new questions on our understanding of the protease network that
degrades RPs. Fourth, | identified targets of SICYS8, a Pl that enhances RP
accumulation. The target proteases of SICYS8 are implicated in RP degradation and

the high specificity of SICYS8 can be used to study their role in other processes.

By elucidating the immune response to agroinfiltration, by uncovering the N.
benthamiana protease repertoire and by providing new tools to deplete the activity of
specific proteases, this thesis makes a relevant contribution to both basic plant

research and molecular farming.
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Chapter 1

General introduction



1.1 Molecular farming in agroinfiltrated N. benthamiana addresses global

health challenges of the 215t century

Molecular farming is the production of recombinant proteins (RPs), to be used as
biopharmaceuticals, in transgenic plants. After almost 30 years of development since
human growth hormone was first produced in transgenic tobacco and sunflower
tissues, molecular farming has reached biopharmaceutical markets (Barta et al.,
1986). An enzyme produced in carrot cells is licensed for treatment of Gaucher’s
disease, an influenza vaccine produced in Nicotiana benthamiana (wild tobacco) is in
phase Il clinical trials and a further eight plant-produced RPs are in phases | and Il of
clinical development (Fox, 2012; Lomonossoff & D’Aoust, 2016; ClinicalTrials.gov

NCT03301051, 2017).

In the future, molecular farming could occupy niche markets where plants offer
advantages over more conventional expression platforms such as bacteria,
mammalian or insect cells. One such niche is the rapid production of novel
biopharmaceuticals in response to emerging epidemics. Recent outbreaks of severe
acute respiratory syndrome (SARS) and Ebola virus disease (EBV) illustrate how
socially and economically devastating epidemics can be (Knobler et al., 2004; UNDG,
2015). Indeed, it is estimated that a severe epidemic like the 19t century “Spanish
Flu” would lead to the death of 51 to 81 million people globally (95 % confidence
interval) if it reoccurred nowadays (Murray et al., 2006). Research and production
facilities for vaccines or drugs to mitigate pandemics are currently insufficient, while
threats from bioterrorism increase and new diseases spread faster due to international
travel (Fedson, 2003; Yamada et al., 2016; WHO, 2016). Molecular farming in N.
benthamiana excels in two key qualities needed for a successful response to

epidemics: speed and scalability.



1.2 Agrobacterium tumefaciens is a unique plant pathogen that became a

revolutionary genetic tool

Rapid genetic modification of pre-grown N. benthamiana is achieved by
agroinfiltration, the infiltration of Agrobacterium tumefaciens (Agrobacterium) into
leaves. Agrobacterium naturally is a soil-borne, biotrophic plant pathogen that can
infect a wide range of dicot and some monocot plant species (Cleene & Ley, 1976).
Infection with the wild-type strains of Agrobacterium (e.g. strain C58) causes crown
gall disease (Braun, 1943). Upon infection, Agrobacterium transfers a single strand of
DNA (the T-DNA) into the plant cell nucleus via a specialized structure called the type-
IV secretion system (T4SS). This unique case of interkingdom DNA transfer involves
intricate interactions of plant proteins with a specialized bacterial machinery of so-
called virulence factors or vir proteins (reviewed by Gelvin, 2003; Pitzschke and Hirt,
2010). After successful transfer, the T-DNA can either remain separate as a
subgenomic DNA molecule or integrate into the plant genome at random sites via a
mechanism that is still under investigation. Plant DNA double strand breaks are likely
a common site of T-DNA integration in tobacco (Salomon & Puchta, 1998; Chilton &
Que, 2003) and plant polymerase 0 is required for T-DNA integration in Arabidopsis
(Kregten et al., 2016). Genes residing on the T-DNA are expressed in planta and the
T-DNA of Agrobacterium C58 encodes enzymes for the biosynthesis of plant
hormones (auxin and cytokinin). Expression of these transgenes triggers formation of
tumours in infected plant tissue (Thomashow et al., 1986). Agrobacteria live within the
plant tumour and feed on opines that are produced by a T-DNA encoded octopine

synthase (Murai & Kemp, 1982).

The only difference between the wild-type, tumorigenic strains and the “disarmed”
bacteria used as a genetic tool today is the binary vector system. Wild-type

3



Agrobacterium carries the T-DNA sequence on a plasmid together with the vir genes
needed to transform plant cells. In disarmed strains (e.g. Agrobacterium GV3101), the
tumorigenic T-DNA content has been removed from the vir plasmid and the T-DNA is
localized on a second, customizable replicon, the binary plasmid (Bevan, 1984). The
T-DNA can thus be modified to encode any protein of interest. Agroinfiltrated tissues
are transiently transgenic, as the genetic modification occurs in individual cells and is
not heritable if reproductive tissues are not infiltrated. Interestingly, T-DNAs can be
converted into extrachromosomal, double-stranded circular structures (T-circles) prior
to integration into plant genomes (Singer et al., 2012). Extrachromosomal transgenes
are expressed in planta (Mysore et al., 1998, 2000) and a significant proportion of T-

DNAs in agroinfiltrated tissues may be extrachromosomal.

During the intimate contact with plant cells that results in transfer of the T-DNA,
Agrobacteria must survive in the plant extracellular space. To this end, Agrobacteria
use three strategies: evasion from detection, resilience to toxic compounds and
hijacking of host cellular processes. Evasion is possible because Agrobacteria carry a
mutation in the conserved bacterial motor protein flagellin. The conserved plant
receptor FLS2 (flagellin insensitive 2) recognizes the flagellin-derived epitope flg22
and thus triggers immune responses to most bacteria, but Agrobacteria flg22 is not

recognized by FLS2 (Gomez-Gomez et al., 1999).

Resilience is conferred by cytochrome P450 enzymes like Vir2H. Vir2H detoxifies a
range of plant-produced benzene ring compounds (phenolics) through O-
demethylation that would otherwise hamper bacterial growth (Brencic et al., 2004).
Similar enzymes can even break down toxic phenolics into utilizable carbon sources,
creating a unique niche for Agrobacterium (Campillo et al., 2014). Finally, hijacking
occurs via the bacterial effector VirE2, which coats the T-DNA during translocation into

4



the host nucleus. VirE2 binds several homologues of the transcription factor VIP1
(VirE2 interacting protein 1). VirE2 thus hijacks VIP1 to transport the T-DNA into the

plant nucleus (Citovsky et al., 2004; Shi et al., 2014; Wang et al., 2017).

1.3 Nicotiana benthamiana is an ideal host for agroinfiltration-mediated

molecular farming

N. benthamiana supports transient transformation by agroinfiltration much better than
other species. One reason for this increased susceptibility is that N. benthamiana does
not perceive the bacterial translation elongation factor EF-Tu because it lacks the
corresponding receptor EFR (EF-Tu receptor) (Kunze et al., 2004). EF-Tu perception
triggers plant immunity and limits transformation in agroinfiltrated Arabidopsis (Zipfel
et al., 2006). Furthermore, N. benthamiana carries an insertion in the RNA-dependent
RNA polymerase 1 (Rdr1) gene (Bally et al., 2015). Absence of this element of RNAI-
mediated defence permits infection with a wide variety of plant viruses, which can be
engineered to function as transgene vectors. The first step towards engineered viruses
was the in vitro generation of viral RNA that could infect plants (Ahlquist et al., 1984).
However, plants still had to be wounded to aid viral infection, for instance by dusting
the leaves with abrasives such as charcoal or carborundum (Silicon carbide) and then
rubbing them with a liquid inoculum (Kalmus, 1945). Infection was simplified greatly
when a viral genome was inserted into a T-DNA, facilitating viral infection via
agroinfiltration, termed agroinfection (Grimsley et al., 1986). Identification of non-
essential sites in viral genomes then allowed the incorporation of transgenes (Dawson

et al., 1989). Infection with engineered viruses has fuelled both plant research and



molecular farming through the development of virus-induced gene silencing (VIGS)

and replicating RP expression vectors.

VIGS is the infection of plants with an engineered virus carrying a piece of DNA derived
from a gene of interest, either in sense or antisense orientation (Zhang et al., 2010;
Fernandez-Pozo et al., 2015). As viruses spread to systemically infect the host, the
gene of interest will be silenced in the entire plant (Kumagai et al., 1995). VIGS has
facilitated the elucidation of defence (Gilroy et al., 2007; Kaschani et al., 2010) and
biosynthetic pathways (Sonawane et al., 2016), as well as downregulation of
proteases potentially involved in RP degradation (Mandal et al., 2014; Duwadi et al.,
2015), generally turning N. benthamiana into a powerful tool for reverse genetics

(Goodin et al., 2008).

Replicating RP expression vectors based on plant viruses (replicating viral vectors)
fall into two main groups: complete viruses that carry an additional transgene and
deconstructed viruses, where the genes needed for replication and spreading and the

transgene are delivered on separate T-DNA strands by agroinfiltration.

Complete viruses were engineered to form infectious virus particles that present an
additional protein on their surface (Donson et al., 1991). Such functionalized plant
viruses have been used to produce for instance malaria antigens and an HIV entry
inhibitor (Grill et al., 1995; O’Keefe et al., 2009). Although assembly of infectious virus
particles in planta can boost RP expression, it is also a safety concern and diverts

plant resources from RP production.

Deconstructed viral vectors address the concerns associated with complete viruses.
In the first viral vectors designed to optimize RP expression, the tobacco mosaic virus

(TMV) genome was deconstructed into several vectors, which can be delivered by



mixed agroinfiltration. A GFP-encoding transgene replaced the open reading frame of
the viral coat protein, so that no viral particles would be generated (Marillonnet et al.,
2004; Gleba et al., 2005). Viral vectors delivered by agroinfiltration were initially not
very efficient, requiring large amounts of Agrobacteria to trigger viral genome
replication in planta (Marillonnet et al., 2004). Infection was limited by the primary step
of viral RNA transcription in the plant nucleus and export to the cytosol, where
cytoplasmic RNA replication and cell-to-cell spreading could then occur. Viral RNA
stability in the plant nucleus and export to the cytosol were improved in modified
Tobacco Mosaic Virus (TMV) vectors by deletion of endogenous cryptic splice sites

and addition of plant introns (Marillonnet et al., 2005).

Expression of multimeric RPs using replicating viral vectors was problematic at first
because of viral competition. Infection of N. benthamiana with two versions of TMV
encoding different fluorescent proteins led to mosaic patterns in leaves, because the
two versions of the virus exclude each other from infected cells (Giritch et al., 2006).
This issue can be overcome in two ways. Either, replicating vectors derived from two
non-competing viruses can be combined to produce for instance a fully assembled
antibody, with the heavy chain (HC) encoding transgene delivered by TMV and the
light chain (LC) by Potato Virus X (PVX) (Giritch et al., 2006). The EBV treatment
ZMapp, an antibody cocktail under investigation in clinical trials, was manufactured
using this strategy (Qiu et al., 2014; ClinicalTrials.gov NCT02363322, 2017,
ClinicalTrials.gov NCT02389192, 2017). Another way to avoid viral competition is to
abolish replication. The 5’ leader sequence of Cowpea Mosaic Virus (CPMV) RNA-2
has been modified by deletion of an in-frame start codon to boost translation. If an
open reading frame is inserted between the modified 5’ leader sequence and 3'

untranslated region of RNA-2 and delivered by agroinfiltration, RP accumulation levels



match those achieved with replicating vectors. Replication does not occur because
RNA-1 of CPMV is absent. Thus, multiple transgenes can be expressed without
competition. Also, open reading frames can be larger than in replicating viral vectors

(Sainsbury & Lomonossoff, 2008; Sainsbury et al., 2009).

The CPMV-based “hypertranslatable”, non-replicating viral vector system has been
used to assemble virus-like particles (VLPs) that require production of multiple proteins
in the correct stoichiometry (Thuenemann et al., 2013). VLPs can be engineered to
display recombinant proteins on their surface (Peyret et al., 2015), modified with dyes,
affinity tags and polymers (Wen et al., 2012) or loaded with metals (Sainsbury et al.,
2011; Meshcheriakova et al., 2017). Hypertranslation in plants has facilitated the
production of polio virus-like particles that do not carry a viral genome. These VLPs
are a safer vaccine than the attenuated virus that is currently used and could help
eradicate polio completely (Marsian et al., 2017). In summary, viral genome elements
boost RP expression through replication or hypertranslation of the RP-encoding
mRNA. The combination of viral vectors with efficient transgene delivery by
agroinfiltration has greatly advanced N. benthamiana as an RP expression platform

(Peyret & Lomonossoff, 2015).

Interestingly, the rdr7 mutation does not only confer unique susceptibility to viruses,
but is also associated with fast growth of young N. benthamiana plants. Selection
pressure in the arid environment of central Australia seems to have favoured rdr1
mutants, giving rise to an ideal protein expression platform organism that can be

quickly grown in large numbers and rapidly transformed (Bally et al., 2015).



1.4 Proteolytic degradation hampers RP accumulation in plants

From the early days of molecular farming in transgenic tobacco, AB fragments have
been detected alongside the fully assembled protein (Neve et al., 1993). The first AB
produced by agroinfiltration in N. tabacum yielded fragments (Vaquero et al., 1999)
and when agroinfiltrated N. benthamiana became common as a transient expression
platform, the problem persisted (Hull et al., 2005). Accumulation of fragments, likely
derived from degradation, is most clear with ABs because their size makes AB
fragments detectable on Western Blots. However, degradation of smaller proteins has
been observed using radioactive pulse-chase experiments (Ohtani et al., 1991) and
proteolytic degradation is a limiting factor for human growth hormone production in
tobacco cell culture, soy and maize seed (Russell et al., 2005). The glycohormone
erythropoietin is degraded upon expression in N. benthamiana until it is almost
undetectable at ten days post agroinfiltration (Jez et al., 2013). Post-synthesis
instability of plant-produced RPs was identified more than ten years ago as a common
challenge across molecular farming platform organisms and target proteins (Doran,

2006).

Since then, AB proteolysis has been studied both in planta and in vitro. Some ABs are
more readily degraded than others and this correlates with the length of their
respective complementarity determining region 3 (CDR3) loops (Niemer et al., 2014).
Cleavage sites outside the CDR3 loop are shared across different ABs and localized
between the variable and constant domains of the heavy chain, as well as close to the
flexible hinge region (Hehle et al., 2015; Donini et al., 2015). ABs are degraded in the
plant extracellular space, but AB fragments are also detected in the cytosol, hinting
that both intra- and extracellular enzymes might degrade RPs (Hehle et al., 2011).

Mammalian Ser and Cys proteases (Niemer et al., 2014), as well as plant-derived

9



Papain-Like Cys Proteases (PLCPs) (Paireder et al., 2016, 2017), can degrade ABs

in vitro.

1.5 Lessons learned from previous attempts to limit RP degradation

Numerous approaches have been tested to prevent proteolysis of plant-produced
RPs. Among them are genetic depletion of proteases by knockdown or knockout and
depletion of protease activity by either treatment with chemical protease inhibitors or
by co-expressing genes encoding protease inhibitors. If multiple approaches targeting
the same protease family limit RP degradation, the respective protease family is
implicated in the degradation process. We thus describe previous attempts to prevent
proteolysis grouped by the target protease family to compile the evidence for

involvement of different protease families in RP degradation.

Depletion of endogenous Cys proteases by post-transcriptional gene silencing
improved accumulation of both Human Granulocyte Macrophage Colony Stimulating
Factor (hGM-CSF) in rice cell cultures and human interleukin (IL10) in tobacco plants
(Kim et al., 2008a; Duwadi et al., 2015). Overexpression of Cys protease inhibitors
also increased RP accumulation in two cases. First, transgenic tobacco plants
overexpressing the inhibitor Oryzacystatin-I contained higher levels of recombinant
glutathione reductase produced by agroinfiltration when compared to wild-type
tobacco (Pillay et al., 2012). Second, co-expression of Solanum lycopersicum Cystatin
8 (SICYS8) increased the accumulation of ABs in agroinfiltrated N. benthamiana
(Robert et al., 2013; Jutras et al., 2016). Plant Cys proteases are thus likely

responsible for degradation of different RPs across expression platforms.
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Plant Ser proteases also appear to be involved in degradation because
overexpression of Ser protease inhibitors can increase RP accumulation. Co-
expression with Bowman-Birk serine protease inhibitor increases AB accumulation in
N. tabacum roots (Komarnytsky et al., 2006) and co-expression with a N. alata Ser
protease inhibitor (Protease inhibitor Il) increases accumulation of Human
Granulocyte Macrophage Colony Stimulating Factor (hnGM-CSF) in rice cell cultures

(Kim et al., 2008Db).

Although the evidence is strongest for Cys and Ser proteases, plant aspartic and
Metalloproteases are also implicated in RP degradation. The Asp protease inhibitor
Solanum lycopersicum Cathepsin D inhibitor (SICDI) increases accumulation of a1-
anti-chymotrypsin in transgenic potato leaves (Goulet et al., 2010a). SICDI co-
expression in agroinfiltrated N. benthamiana also increased accumulation of ABs
(Goulet et al.,, 2012), although this seems to depend on plant growth conditions
(Robert et al., 2013). Plant metalloprotease depletion or inhibition has not been shown
to be sufficient for increasing RP accumulation in vivo. However, in vitro degradation
of both Desmodus rotundus Salivary Plasminogen Activator a1 (DSPAa1) in spent
tobacco cell culture medium and of Bovine Serum Albumin (BSA) in tobacco leaf
intercellular fluid has been impaired by addition of ethylenediaminetetraacetic acid
(EDTA). EDTA chelates metal ions that are pivotal for metalloprotease activity. These
results indicate that plant metalloproteases can degrade BSA and DSPAa1 in vitro

(Schiermeyer et al., 2005; Delannoy et al., 2008).

In summary, proteases of all catalytic classes seem to contribute to RP degradation,
with most data available on Cys and Ser proteases. Remarkably, degradation appears

to be equally complex across RPs and expression platforms. This leads to low

11



accumulation levels of plant-produced RPs, resulting in greater efforts needed to grow

and process enough plant biomass for industrial RP production.

1.6 Increasing RP accumulation is a key lever to increase the economic

viability of molecular farming

For the full potential of molecular farming to be realized, plant-based RP expression
must be economically attractive for companies to pursue. As an RP expression
platform for complex glycoproteins, agroinfiltrated N. benthamiana competes directly
with the leading mammalian cell culture system, Chinese Hamster Ovary (CHO) cells.
Plants could outcompete CHO cells based on COGS (cost of goods sold) for ABs if
accumulation levels of 1 g/kg FW (biomass fresh weight) were reached in planta
(Nandi et al., 2016). AB accumulation levels in planta are a key lever to decrease
COGS, as both upstream (plant growth and agroinfiltration) and downstream
(purification) costs decrease with increases in AB accumulation. Other main drivers of
COGS are electricity, purification resin and labour cost, which are difficult to influence
(Nandi et al., 2016). Techno-economic analyses for other RPs yield similar
conclusions (Buyel et al., 2015b). However, accumulation levels of 0.1 - 0.3 g/kg FW
are frequently reported for plant-produced ABs (Yusibov et al., 2016), suggesting that
increasing RP accumulation is a promising strategy to make molecular farming cost-

competitive.
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1.7 A comprehensive understanding of N. benthamiana proteases and

responses to agroinfiltration is needed

To address the complex problem of RP degradation, a comprehensive overview of
proteases in agroinfiltrated N. benthamiana leaves is needed. Based on which
proteases are found, the activity of complete protease (sub-) families can then be
depleted specifically and simultaneously. The emerging genome engineering
technique based on Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) that are recognized and cut by the endonuclease Cas9 could facilitate
genetic protease depletion. Cas9 can be equipped with a custom RNA sequence to
direct it towards virtually any target gene, where Cas9-mediated cleavage and error-
prone DNA repair then lead to mutations. CRISPR-Cas9 based techniques facilitate
the generation of knockouts quickly, in non-model organisms and without the
introduction of transgenes (Puchta, 2017). Furthermore, the interaction between N.
benthamiana and Agrobacterium deserves more focused attention. Microarrays of A.
thaliana suspension cells exposed to Agrobacterium or stalks inoculated by wounding
indicate that the levels of transcripts encoding proteins associated with plant immunity
increase as early as three hours upon exposure to Agrobacterium (Ditt et al., 2006;
Lee et al., 2009). Different studies of the transcriptional response to Agrobacterium
disagree regarding the extent and timing of this response (Jiang et al., 2003; Ditt et
al., 2006; Lee et al., 2009). No study was so far conducted on agroinfiltrated N.
benthamiana. The extracellular proteome of agroinfiltrated N. benthamiana has been
analysed using 2-dimensional gel electrophoresis. At six days post infiltration,
chitinases, glycosidases and other pathogenesis-related (PR) proteins accumulated,
but the timing of this response is unresolved (Goulet et al., 2010b). An immune

response to agroinfiltration may divert resources from RP production and could even
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increase protease activity, like the tomato immune response to fungal infection (Esse
et al., 2008; Sueldo et al., 2014). A comprehensive, time-resolved understanding of
the N. benthamiana response to agroinfiltration and the proteases involved is needed
to inform design of systematically optimized plants for molecular farming. Omics-level
analyses of agroinfiltrated N. benthamiana are a timely endeavour, as the tools they

require have recently emerged.

1.8 Transcriptomics and proteomics tools are rising to the challenge of N.

benthamiana

N. benthamiana is an allotetraploid within the section Suavolentes of the nightshade
family (Solanaceae). The N. benthamiana genome is now believed to have arisen
from parents from the Sylvestres, Petunioides and Noctiflorae and been complicated
by gene flow between the diploid parents and other members of the Suavolentes (Kelly
et al., 2013). The majority of the ~3 Gb N. benthamiana genome (n=19
chromosomes) has been sequenced by two consortia. However, the sequence is still
fragmented into 56,094 or 147,949 scaffolds with average lengths of 52,943 or 17,233
nucleotides (Bombarely et al., 2012; Nakasugi et al., 2014; BTI, 2017; QUT, 2017). A
complex, incomplete genome makes both transcriptome and proteome studies
challenging. In both cases, short sequences of either nucleotide reads (obtained by
RNA sequencing, RNAseq) or peptides (obtained from mass spectrometry, MS) need
to be mapped to longer sequences of either transcripts or proteins to estimate
abundances of these transcripts or proteins, respectively. Therefore, the quality of the
transcriptome, from which the proteome is then predicted, directly determines the

outcome of RNAseq and MS experiments.
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Recent bioinformatic developments facilitate transcriptome and proteome analyses on
incompletely sequenced species and with reasonable resource input. Omics-level
analysis of N. benthamiana is therefore possible now. This is illustrated by recently
published transcriptomics studies elucidating transcription factor networks (Bond et
al., 2016) and defence responses to infections with fungi, viruses and oomycetes in
N. benthamiana (Faino et al., 2012; Evangelisti et al., 2017; Geng et al., 2017). Three
specific developments that were prerequisites to the analyses of agroinfiltrated N.

benthamiana in this thesis will be briefly described.

First, efficient data compression has improved the speed, accuracy and completeness
of de novo transcriptome assembly (Simpson & Durbin, 2012). In general,
transcriptomes can be assembled by overlapping sequence reads with each other (de
novo assembly) or by mapping reads to a genome sequence (genome-based
assembly). Simulated RNAseq datasets with known correct transcript sequences are
used to compare transcriptome assemblers. Recent advances included improved data
compression and the development of algorithms that can work directly with (subsets
of) compressed data. StringTie, a state-of-the-art assembler, employs efficient de
novo assembly of reads into “super reads”. These are mapped to the genome and
used for transcript prediction together with a traditional mapping of the reads from
algorithms like TopHat (Kim et al., 2013b; Pertea et al., 2015). The upstream de novo
step of StringTie facilitates assembly of novel transcripts, making transcriptome

assembly more accurate and less dependent on a correct genome sequence.

Second, new algorithms for transcript quantification and differential abundance
analysis are computationally efficient and relatively straightforward to use. The
transcriptome in this thesis was assembled using RNAseq reads at any location they
could have originated from. Thus, reads may be re-used to ensure transcript
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completeness. For accurate transcript quantification, however, each read must only
be used once. A new, unambiguous alignment to the transcriptome is made by the
transcript quantification algorithm Salmon. Salmon assigns reads to transcripts using
short exact sequence matches (lightweight alignment). This lightweight alignment is
based on a pre-processed index of the transcriptome and is thus highly parallelizable,
rendering Salmon one of the fastest currently available transcript quantification
algorithms (Patro et al., 2015, 2017). Differentials in transcript abundance are then
determined by the R package DESeq2. DESeq2 uses statistical methods tailored to
the strengths and weaknesses of RNAseq data to determine differentials in transcript
abundance. For instance, fold changes in transcript abundance determined from very
low values are “shrunken” towards zero. This reflects the low information content of
differences between very small transcript abundances (non-
normality/heteroskedasticity of transcript counts) and makes the output more
biologically relevant (Love et al., 2014). The speed of Salmon and accessibility of
DESeq2 facilitated time-resolved quantitative transcriptome analysis of N.

benthamiana on a desktop PC and within a DPhil project.

Third, quantitative proteomics no longer requires feeding the target organism specific
isotopes for heavy/light labelling or use of expensive isobaric tag labelling reagents.
Traditional mass spectrometry (MS) pipelines needed peptide spectra from different
samples to be obtained in the same MS run to quantify protein abundance changes
between those samples. Samples were thus mixed before MS and labelling with
heavy/light isotopes or isobaric tags facilitated distinction between peptides from
different samples. Label-free quantification of proteins using one MS run per sample
is facilitated by an algorithm termed MaxLFQ. MaxLFQ estimates protein abundances

by comparing the intensities of peptide mass spectra between samples. This yields
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relative abundance estimates, which are then rescaled to the summed spectral
intensity for all peptides derived from a protein across samples (Cox et al., 2014).
MaxLFQ, which is part of the open-source MaxQuant platform (Tyanova et al., 2016a),
thus makes large-scale quantitative proteomics analyses of soil-grown plants

affordable.
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1.9 The aim of this thesis is to inform, design and implement strategies for

enhancing RP accumulation in agroinfiltrated N. benthamiana.

Chapter 2 is aimed at elucidating the plant response to the presence of A.
tumefaciens and the protease repertoire of agroinfiltrated N. benthamiana
leaves. Time-resolved analyses of the transcriptome and extracellular proteome
uncovered an immune response to agroinfiltration that is mounted at the expense of
photosynthesis. Integrating transcriptomics, proteomics and activity-based proteomics
data revealed that the response to agroinfiltration is associated with increased
efficiency of extracellular protein delivery. As a basis for further work on N.
benthamiana proteases, six large N. benthamiana protease families were manually
curated. 975 protease and protease-homolog encoding transcripts, 196 extracellular
proteases and 17 active extracellular Ser and Cys proteases were monitored in
agroinfiltrated leaves, highlighting how large and diverse the protease repertoire of
agroinfiltrated N. benthamiana is. This study was published in Plant Biotechnology
Journal under the title “The transcriptome, extracellular proteome and active
secretome of agroinfiltrated N. benthamiana uncover a large, diverse protease
repertoire” (Chapter 2). This chapter demonstrates that agroinfiltrated leaves contain

many different proteases, which could act redundantly to degrade RPs.

The aim of Chapter 3 and 4 is to identify protease inhibitors that can be co-
expressed with RPs to enhance RP accumulation. To this end, a thorough analysis
of the literature on multifunctional plant protease inhibitors (Pls) was conducted,
resulting in a review article published in the New Phytologist under the title “Juggling
jJobs: roles and mechanisms of multifunctional protease inhibitors in plants” (Chapter
3). Based on the research summarized in this review and on further mining of the
literature on Pls, a systematic screen of 29 candidate Pls was designed. Candidate
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Pls were co-expressed with three unrelated RPs in agroinfiltrated N. benthamiana and
RP accumulation was monitored. The screen yielded three unrelated Pls that enhance
RP accumulation upon co-expression, both separately and in combination with each
other. Effects of these three Pls on leaves were characterized using ABPP and
quantitative MS, to elucidate how Pl co-expression prevents RP degradation. This
dataset is written up for publication under the title “Three unrelated protease inhibitors

enhance accumulation of pharmaceutical RPs in N. benthamiana” (Chapter 4).

The aim of Chapter 5 is to identify proteases involved in RP degradation in planta.
To this end, target proteases of a protease inhibitor that enhances RP accumulation
upon co-expression were identified using ABPP and ABPP-MS. Solanum
lycopersicum Cystatin 8 (SICYS8) specifically inhibits four of the nine subfamilies of
Papain-like Cys proteases in N. benthamiana. This knowledge makes SICYS8 a
powerful tool that revealed the roles of different PLCP subfamilies in RP degradation
and is applicable to wider plant biology in the future. The characterisation of SICYS8
is written up for publication under the title “Activity-based proteomics reveals target

proteases of tomato cystatin SICYSS8 in agroinfiltrated N. benthamiana” (Chapter 5).

Results and perspectives from the four manuscripts are discussed jointly in Chapter

6.

19



Chapter 2

The transcriptome,

extracellular proteome and active secretome
of agroinfiltrated N. benthamiana

uncover a large, diverse protease repertoire

20



Friederike Grosse-Holz, Steven Kelly, Svenja Blaskowski, Farnusch Kaschani,
Markus Kaiser, Renier A.L. van der Hoorn. 2017. The transcriptome, extracellular
proteome and active secretome of agroinfiltrated N. benthamiana uncover a large,

diverse protease repertoire. Plant Biotechnol. J. in press.

Authors

Friederike Grosse-Holz!"l, Steven Kelly?l, Svenja Blaskowskil®], Farnusch Kaschanil®],

Markus Kaiser3!, Renier A.L. van der Hoorn!"I"

Affiliations

[l Plant Chemetics Laboratory, Department of Plant Sciences, University of Oxford,

South Parks Road, Oxford, OX1 3RB, UK

[l Department of Plant Sciences, University of Oxford, South Parks Road, Oxford,

0OX1 3RB, UK

1 Chemische Biologie, Zentrum fiir Medizinische Biotechnologie, Fakultat fur

Biologie, Universitat Duisburg-Essen, Universitatsstr. 2, 45117 Essen, Germany.

* Corresponding author

Running title

Proteases in agroinfiltrated N. benthamiana

21



Author contributions

R.H. conceived the research. F.G.H. designed and performed experiments and
analysed data unless specified otherwise. F.G.H. and R.H interpreted the results.
S.K. provided guidance for RNAseq experimental design, transcriptome assembly
and differential expression analyses and performed the de novo transcriptome
assembly and coding sequence prediction. S.B. performed the sample preparation
for MS. F.K. and M.K. performed LC-MS/MS and peptide and protein identification
steps for MS of extracellular proteomes and ABPP-MS. F.G.H wrote the manuscript

with feedback from R.H. All authors read and approved the final manuscript.

22



2.1 Summary

Infiltration of disarmed Agrobacterium tumefaciens into leaves of Nicotiana
benthamiana (agroinfiltration) facilitates quick and safe production of antibodies,
vaccines, enzymes and metabolites for industrial use (Molecular Farming). However,
yield and purity of proteins produced by agroinfiltration are hampered by unintended
proteolysis, restricting industrial viability of the agroinfiltration platform. Proteolysis
may be linked to an immune response to agroinfiltration, but understanding of the
response to agroinfiltration is limited. To identify the proteases, we studied the
transcriptome, extracellular proteome and active secretome of agroinfiltrated leaves
over a time course, with and without the P19 silencing inhibitor. Remarkably, P19
expression had little effect on the leaf transcriptome and no effect on the extracellular
proteome. 25% of the detected transcripts changed in abundance upon
agroinfiltration, associated with a gradual upregulation of immunity at the expense of
photosynthesis. By contrast, 70% of the extracellular proteins increase in abundance,
in many cases associated with increased efficiency of extracellular delivery. We detect
a dynamic reprogramming of the proteolytic machinery upon agroinfiltration by
detecting transcripts encoding for 975 different proteases and protease-homologs.
The extracellular proteome contains peptides derived from 196 proteases and
protease homologs, and activity-based proteomics displayed 17 active extracellular
Ser and Cys proteases in agroinfiltrated leaves. We discuss unique features of the N.
benthamiana protease repertoire and highlight abundant extracellular proteases in
agroinfiltrated leaves, being targets for reverse genetics. This dataset increases our
understanding of the plant response to agroinfiltration and indicates ways to improve

a key expression platform for both plant science and Molecular Farming.
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2.2 Introduction

Agroinfiltration of Nicotiana benthamiana (a relative of tobacco) is widely applied to
transiently express proteins, either as biopharmaceutcials, for other industrial use or
to study their functions. Agroinfiltration is based on the transient genetic manipulation
of leaves by infiltration with disarmed Agrobacterium tumefaciens (Agrobacterium)
carrying gene(s) of interest on the transfer DNA (T-DNA) of binary plasmid(s) (Bevan,
1984). Agrobacterium delivers the T-DNA to the nucleus of its host plant, where genes
are expressed within a few days upon agroinfiltration. Co-expression of several
transgenes is simply achieved by mixing Agrobacterium cultures delivering these
different transgenes before agroinfiltration. Co-expression with silencing inhibitor P19
is frequently used to boost protein overexpression by preventing the decline of the

transgene transcript levels (van der Hoorn et al., 2003).

The versatility and potential of agroinfiltration are illustrated by many use cases. For
instance, production of biopharmaceuticals (Molecular Farming) (Stoger et al., 2014)
in agroinfiltrated N. benthamiana offers speed, scalability and low risk of contamination
with human pathogens when compared to classical insect or mammalian cell culture
systems. An agroinfiltration-based expression platform can now deliver ten million
doses of the latest influenza vaccine within a record time of six weeks (Pillet et al.,
2016). Large-scale agroinfiltration has also produced many different functional
monoclonal antibodies (Yusibov et al., 2016), including the Ebola-neutralizing drug
ZMapp (Qiu et al., 2014). Transient, spatially restricted overexpression of synthetic
biology building blocks can shift plant secondary metabolism towards valuable
products with minor impact on fitness (Nielsen et al., 2013). Along similar lines,
pathogen-derived effectors that would likely have severe phenotypic effects if

expressed in stable lines have been studied by agroinfiltration (Bos et al., 2006;
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Dagdas et al., 2016; Petre et al., 2016). Speed and simplicity of agroinfiltration are
leveraged for high-throughput screening of fluorescently tagged proteins to study their

subcellular localization (Martin et al., 2009).

Although agroinfiltration is a widely-used tool, remarkably little is known about how N.
benthamiana responds to agroinfiltration. Agrobacterium elicits immune responses,
including the induction of pathogenesis-related (PR) genes and the accumulation of
extracellular PR proteins (Goulet et al., 2010b; Pitzschke, 2013; Zhou et al., 2017). As
in other plants, this immune response reduces subsequent pathogen infections
(Robinette & Matthysse, 1990; Rico et al., 2010; Sheikh et al., 2014; Li et al., 2017),
and may limit transgene delivery. Transgene delivery in older, flowering N.
benthamiana is limited due to the perception of Agrobacterium cold shock protein
(Saur et al., 2016). In younger plants, which are used for agroinfiltration, responses
are elusive. Furthermore, the impact of silencing inhibitor P19 on the response to

agroinfiltration and its timing are unresolved.

We focus on extracellular proteases, as they may limit the accumulation of
recombinant proteins (RPs) passing through the secretory pathway to become
glycosylated. Proteolytic degradation is a bottleneck on the way to industrial viability
of agroinfiltration (Mandal et al., 2016). Indeed, RP degradation can occur in the
extracellular space (Hehle et al., 2011) and proteolysis hampers yield and purity of
biopharmaceuticals produced in N. benthamiana (Niemer et al., 2014; Mandal et al.,
2014; Hehle et al., 2015). Papain-like Cys proteases can degrade RPs in vitro
(Paireder et al., 2016, 2017), but the proteases degrading RP in planta are
unidentified. Extracellular proteases commonly accumulate in leaves during immune
responses. The extracellular tomato Ser protease P69 and Cys proteases Pip1 and
Rcr3, for example, accumulate upon infection with viroids, oomycetes, fungi and
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bacteria (Jorda et al., 1999; Tian et al., 2004; Kaschani et al., 2010). Transcripts and
proteins corresponding to proteases also accumulate in Arabidopsis infected with
Pseudomonas (Zhao et al., 2003; Xia et al., 2004), and extracellular Ser and Cys
protease activities increase in tomato upon fungal infection with Cladosporium fulvum
(Esse et al., 2008; Sueldo et al., 2014). These examples indicate that activity and/or
abundance of extracellular proteases, especially Ser and Cys proteases, may increase
in N. benthamiana upon agroinfiltration, linking proteolytic RP degradation to plant
immunity. Therefore, both comprehensive annotation of the N. benthamiana protease
repertoire and improved understanding of the response to agroinfiltration are needed
to limit undesired proteolysis. RP accumulation has been increased by depleting
proteases by knockdown in rice cell cultures (Kim et al., 2008a) and in Nicotiana
tabacum (Mandal et al., 2014; Duwadi et al., 2015) and protease inhibitor
overexpression in N. benthamiana (Goulet et al., 2012; Sainsbury et al., 2013). These
studies indicate that once targets are identified, protease depletion could improve

agroinfiltrated N. benthamiana as a protein expression platform.

Here, we investigated how RP production may be affected by the immune response
to agroinfiltration, especially immune proteases. Time-resolved leaf transcriptome and
extracellular proteome datasets of agroinfilirated leaves revealed an immune
response that is mounted at the expense of photosynthesis and not affected by P19.
We analysed the exceptionally large N. benthamiana protease repertoire in the context
of other plant proteases and identified active Ser and Cys proteases. Taken together,
the data will advance strategies to improve transient protein expression by engineering

plant immunity and depleting proteases.

26



2.3 Results and Discussion

To characterize agroinfiltrated N. benthamiana leaves, we infiltrated N. benthamiana
leaves with wild-type A. tumefaciens GV3101-pMP90 (no binary vector, WT),
Agrobacterium P19 (T-DNA encoding viral silencing suppressor P19 (Chapman et al.,
2004), P19) or buffer (mock treatment). We took samples at two, five, seven and ten
days post infiltration (dpi) and quantified transcripts, extracellular proteins and
extracellular protein activity using RNAseq, label-free quantification mass
spectrometry (MS) and activity-based proteomics (Activity-based Protein Profiling

coupled to Mass Spectrometry, ABPP-MS) (Figure 2.1).
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Figure 2.1: Experimental setup. Leaves of N. benthamiana were infiltrated with
Agrobacterium GV3101-pMP90 without any T-DNA plasmid (WT) or carrying a
plasmid for p19 expression (p19) or with buffer (mock). Abbreviations: dpi, days post
infiltration; RNAseq, mRNA sequencing; AF, apoplastic fluid; MS, protein mass
spectrometry; ABPP, Activity-based Protein Profiling.
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During a first annotation of the transcriptome and proteome data, we observed that
well-known proteases including Papain-Like Cys Proteases (PLCPs, MEROPS family
CO01) and subtilases (family S08) often appeared truncated or lacked conserved
domains in the Niben101 proteome database (https://solgenomics.net/). To obtain a
database with protease families that are adequately annotated for evaluation of
transcriptomics and proteomics experiments, we compared four N. benthamiana
proteome databases and manually curated the proteases in the best database
(described in detail in Supporting File S01). Searching the extracellular proteome MS
spectra with our curated proteome, we identified peptides corresponding to 30 proteins
more than with the best published database, showing that the curation improved

interpretation of experimental data (Supporting File 2. S01).

2.3.1 The N. benthamiana response to agroinfiltration

2.3.1.1 The P19 silencing suppressor has minor effects on the transcriptome and no
effect on the extracellular proteome of N. benthamiana

To assess how N. benthamiana responds to agroinfiltration and how silencing
suppression affects these responses, we sequenced mRNA from WT agroinfiltrated,
P19 agroinfiltrated and mock infiltrated leaves. Euclidean distance clustering revealed
that transcriptomes from agroinfiltrated samples cluster together by time point
regardless of whether WT or P19 bacteria were present (Figure 2a). Surprisingly, only
0.75 % of all detected transcripts (569/75802) differed significantly in abundance at
any time point between WT and P19 agroinfiltrated leaves (Supporting Table ES2.01).
Among the differentials is the transcript encoding P19, which was very abundant up to
7 dpi and slightly decreased in abundance at 10 dpi, potentially because older leaves
are less transcriptionally active (Supporting Figure 2.S01). Transcripts encoding

components of the silencing machinery such as members of the Argonaute PFAM
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family were significantly enriched among the transcripts with differential abundance
between P19 and WT agroinfiltrated leaves, but most of the differential transcripts (404
out of 569) are not annotated (Supporting Figure 2.501 and Table ES2.02). There
were no significant differences between extracellular proteomes from WT and P19
agroinfiltrated leaves at any time point (Supporting Table ES2.03). We thus compare

agroinfiltrated (WT and P19) to mock infiltrated leaves for further analysis.
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Figure 2.2: The immune response to agroinfiltration entails an increase of the
extracellular proteome and is not affected by p19 overexpression. a) Euclidean
sample distances between the transcriptomes obtained from all 36 samples. Samples
were ordered by hierarchical clustering based on the sample distances. b-c:
Transcripts (b) or proteins (c) were grouped by when their abundance first changed
significantly (Wald test for transcripts, Student’s t-test for proteins; Benjamini-
Hochberg (BH) adjusted p < 0.05) and more than two-fold in (WT and p19)
agroinfiltrated samples compared to mock infiltrated samples. Annotations given
above the circles are representatives of the PFAM families that are significantly
(Hypergeometric test, BH-adjusted p < 0.05) overrepresented in the respective
regulatory category compared to all detected transcripts (b) or proteins (c). Protein
groups for which corresponding peptides were identified are counted as one protein.
d) Activity of extracellular PLCPs and Ser hydrolases was assayed by ABPP-MS at 5
dpi, counting each protein group for which peptides were identified as one active
protein. Proteins were grouped by whether they were enriched in the WT
agroinfiltrated samples, controls or both (t-test probe sample vs no-probe control, BH-
adjusted p < 0.1). Differences in abundance between agroinfiltrated samples and
controls were not significant in any case. Only proteins annotated as SHs or PLCPs
are included in the figure. Full datasets are given in Supporting Tables ES2.04 and
ES2.05 (a&b), ES2.06 and ES2.07 (c) and ES2.11 (d). The R code to generate the
figures is given in Supporting Files ES2.02 (a&b), ES2.03 (c) and ES2.05 (d).

2.3.1.2 Agroinfiltration induces leaf transcriptome changes associated with immune
responses

Of all detected transcripts (n = 75802), 24.6 % (n = 18648) significantly changed more
than two-fold in abundance at any time point and were thus considered differential in
abundance. Among the differentials, the biggest category (n = 4849) is that of
transcripts increasing in abundance for the first time at 2 dpi (6.4 % of the
transcriptome) (Figure 2.2b, Table ES2.04, File ES2.02). In this category, transcripts
encoding proteins associated with immunity are overrepresented (representatives in
Figure 2.2b, complete lists in Table ES2.05). This includes transcripts encoding LRR
(leucine-rich repeat) domain containing receptors such as the recently identified
receptor for Agrobacterium cold-shock protein NbCSPR (Niben101Scf03240g00007)
(Saur et al., 2016), as well as signalling components carrying NB-ARC (nucleotide-

binding adaptor shared by Apaf-1, Resistance proteins, and CED-4) and WRKY
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domains. Among the categories of transcripts whose abundance first increases at 5 or
7 dpi, transcripts encoding Myb transcription factors and serpins, LRRs and xylanase
inhibitors are overrepresented. Besides transcripts encoding proteins associated with
immune signalling and first-line defence, we detected a 4.5-fold average decrease in
abundance of 13 transcripts encoding SWEET sugar efflux transporters, which may
decrease the nutrient content of the extracellular space to control bacterial growth
(Chen, 2014). Differential abundance of transcripts encoding both generators and
quenchers of reactive oxygen species, as well as increased accumulation of
transcripts encoding cytochrome P450 enzymes, show that the plants are stressed
upon agroinfiltration. Transcripts encoding members of the photosynthetic machinery
and assimilatory metabolism in general are enriched among the transcripts decreasing
in abundance from 2 dpi onwards, explaining the chlorotic phenotype of agroinfiltrated
leaves (Pruss et al., 2008). Among the transcripts detected constantly, transcripts
encoding for housekeeping proteins like members of the ubiquitin-proteasome system
and helicases are overrepresented. In summary, agroinfiltration is associated with an

immune response mounted at the expense of photosynthesis.

2.3.1.3 Diversity and abundance of extracellular proteins increase upon
agroinfiltration

We evaluated the effect of agroinfiltration on the extracellular proteome of N.
benthamiana because the leaf extracellular space is the target site for glycoprotein
accumulation in Molecular Farming, as well as the primary site of interaction with
Agrobacterium and thus a promising site for improvement of the transient expression
platform. Of all N. benthamiana proteins for which we identified extracellular peptides
(n = 2233 protein groups as defined by MaxQuant (Tyanova et al., 2016a)), the vast

majority (n = 1697, 75.9 %) changed significantly and more than two-fold in abundance
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and were thus considered differential in abundance. Among these differentials, most
(n =1572, 92.6 %) increased in abundance upon agroinfiltration (Figure 2.2c, Table
ES2.06, File ES2.03). The increase of the extracellular proteome was mirrored by a
corresponding increase in protein concentration in apoplastic fluid (AF) from agro- but
not mock infiltrated samples (Supporting Figure 2.S02). Abundant intracellular
housekeeping proteins such as actin, helicases and phosphofructokinases are
overrepresented in the category of proteins that first increased in abundance at 10 dpi
(n = 567), indicating that the interaction between N. benthamiana and Agrobacterium
leads to cell content leakage at this late stage. Leakage may occur in vivo and during

apoplastic fluid extraction.

Among proteins that first increased in abundance at 2 dpi and 5 dpi, hydrolytic
enzymes and inhibitors are overrepresented (Figure 2.2c and Table ES2.07). This
includes classical defence proteins such as xylanase inhibitors, chitinases (GH18) and
pathogenesis-related protein 2 (PR2, a GH17 glucanase) (Cosgrove, 2016). PR2
accumulation upon agroinfiltration is consistent with an earlier study (Goulet et al.,
2010b). Cell-wall remodelling xyloglucan endotransglycolases/hydrolases (GH16) and
versatile 106 a-amylase/Ser protease inhibitors may contribute indirectly to plant
defence. Family CO1 proteases (PLCPs) are overrepresented in the small category of
proteins that first decreased in abundance at 10 dpi. Thus, N. benthamiana
extracellular PLCPs do not increase as strongly and persistently in abundance upon
agroinfiltration as tomato extracellular PLCPs do upon pathogen challenge (Esse et
al., 2008). In contrast, PLCPs may localize to intracellular compartments as shown for
RD21 in Arabidopsis (Hayashi et al., 2001) or may be degraded in the extracellular
space. Invertase/pectin methyl esterase (PME) inhibitors are overrepresented both in

the category of proteins first increasing at two and in the category of proteins first
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decreasing at 5 dpi in abundance. Invertase inhibition upon agroinfiltration thus
appears to be transient and indeed, invertases (GH32) are overrepresented in the
category of proteins first increasing in abundance at 7 dpi. Plant Invertases cleave the
transport sugar sucrose, providing vital nutrients to sink tissues (Goetz et al., 2001).
The chlorotic agroinfiltrated leaves may be less photosynthetically active and lose
nutrients to the bacteria, turning them from a source into a sink organ. Some members
of the GH32 family degrade extracellular polysaccharides from pathogens (Limoli et
al., 2015), suggesting that GH32 family members may promote both nutrition and
defence in agroinfiltrated leaves. GH3 a-xylosidases are overrepresented in both the
category of proteins first decreasing in abundance at 2 dpi and in the category of
proteins with constant abundance. Some GH3 family members act in cell wall
remodelling and others locally adjust auxin concentrations as auxin-amido
synthetases (Zheng et al., 2016; Shigeyama et al., 2016). This dual role may explain
why GH3 members are overrepresented in both regulatory categories. Along with
hydrolases and inhibitors, peroxidases and thioredoxins are overrepresented in
several regulatory categories. These modulators of ROS levels facilitate both immune

signalling and cell wall remodelling by extracellular ROS (lvanchenko et al., 2013).

Besides plant proteins, we also identified peptides from bacterial proteins in the
extracellular proteome of agroinfiltrated leaves. In fact, Agrobacterium proteins make
up a quarter of the extracellular proteins in agroinfiltrated samples (738 bacterial vs
2233 plant proteins) and appear to mostly function in providing nutrients to the
bacteria. Highly abundant bacterial proteins are ABC transporters, cytochrome P450
proteins and porins. This may include cytoplasmic bacterial proteins released into the
extracellular proteome upon cell death or during the extraction of apoplastic fluid. We

identified peptides corresponding to 17 different Agrobacterium proteases, including
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six Ser proteases, in the extracellular space (Supporting Table ES2.08), but did not

identify peptides from bacterial proteases using ABPP-MS.

Ageing of leaves irrespective of their treatment during our 10-day time course is
associated with induction of defence and decrease of primary metabolism. 18.9% of
detected transcripts and 6.5% of identified extracellular proteins changed significantly
in abundance over time independent of the treatments. Analysis of predicted functions
overrepresented among the changing transcripts and proteins suggests that while
PLCPs, P450-domain containing proteins and PR proteins accumulate, components
of the photosynthetic machinery, histones and cytoskeleton elements decrease in

abundance. (R code in File ES2.04, data in Supporting Tables ES2.09 and ES2.10)

2.3.1.4 The repertoire of active extracellular PLCPs and Ser hydrolases is
modulated, but not drastically expanded upon agroinfiltration

We next investigated extracellular hydrolase activity to identify active candidate
proteases for depletion, focusing on Ser and Cys proteases because plant immune
responses often result in increased abundance and activity of these protease classes
and Cys proteases can degrade biopharmaceuticals in vitro (Paireder et al., 2016,
2017). We performed Activity-based Protein Profiling (ABPP) with probes targeting
Papain-like Cys Proteases (PLCPs) and Serine Hydrolases (SHs) (Greenbaum et al.,
2002; Kaschani et al., 2009). Both probes consist of a specific inhibitor that covalently
binds the active site of their respective targets, a linker and a biotin tag used for
enrichment of active enzymes from extracellular proteomes prior to MS analysis. Both
probes have been validated in plants using target detection, genetic target depletion
and inhibition of probe binding with independent protease inhibitors, confirming that
reactivity to the probe indicates availability of the active site and thus enzyme activity
(Kovacs & van der Hoorn, 2016). We focused on 5 dpi, when the response to
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agroinfiltration is fully developed. We identified peptides corresponding to two PLCPs
and 29 SHs, 17 of which are proteases, that were enriched from the extracellular
proteome using ABPP-MS. (Figure 2.2d). Abundance of peptides corresponding to
one Clade Il and one Clade Ill SCPL was increased upon agroinfiltration, indicating
increased activity and/or abundance. In contrast, peptides corresponding to an RD21-
like PLCP were only identified in ABPP-MS samples from mock infiltrated plants,
indicating depletion of enzyme activity upon agroinfiltration. Abundance of
extracellular peptides from this PLCP remained constant upon agroinfiltration at 5 dpi,
suggesting a post-translational regulatory mechanism. We identified peptides
corresponding to six subtilases (one SBTS and five SBT1 subtilases, including the
proteins clustering with tomato P69), seven SCPLs (two Clade IB, three Clade I, four
cade lll) and one aleurain-like PLCP with similar abundance in both agro- and mock
infiltrated samples, indicating that activity of these enzymes remains constant upon
agroinfiltration. This is surprising, as in tomato, active extracellular subtilases and
PLCPs drastically increase in abundance and diversity during immune responses
(Esse et al., 2008; Sueldo et al., 2014). Besides the proteases, we identified peptides
corresponding to 14 additional SHs annotated as lipases and esterases. Peptides from
three GDSL-lipases (containing a GDSL sequence motif) increased in abundance
upon agroinfiltration, while peptides from one GDSL-lipase decreased. Adjustment of
extracellular GDSL-lipase activity may contribute to immune signalling, as lipases
regulate salicylic acid as well as ethylene signalling in Arabidopsis (Falk et al., 1999;
Kim et al., 2013a) and upon powdery mildew infection, lipase-encoding transcripts
accumulate in grapevine (Szalontai et al., 2012) (R code in File ES2.05, data in Table

ES2.11).
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2.3.1.5 The extracellular proteome and active secretome is under post-transcriptional
and post-translational control

Having transcriptome, extracellular proteome and active secretome data creates a
unique opportunity to detect discrepancies in abundance changes between
transcripts, total extracellular proteins and active extracellular proteins. To assess how
much post-transcriptional regulation shapes the extracellular proteome, we compared
the fold changes of extracellular protein abundance and transcript abundance at 5 dpi,
when the response to agroinfiltration is fully developed (Figure 2.3a, Supporting Table
ES2.12). The extracellular protein (EP) was increased more or decreased less in
abundance than its corresponding transcript (T) for 215 (9.7 %) of the 2226
extracellular proteins for which we detected the corresponding transcript (significant
difference between the fold changes, EP>T). Among these proteins are two PR1
proteins, eight PR2 glucanases and two P69-like subtilases (PR7). This finding
indicates that the immune response is accompanied by efficient extracellular protein
delivery, as previously suggested based on transcriptional upregulation of the
secretory pathway during immunity (Wang et al., 2005). More efficient extracellular
delivery may be accompanied by enhanced stability of the secreted proteins. In
addition to classical PR proteins, two PLCPs (one XCP and one RD19-like) and three
pepsin-like aspartic proteases appeared efficiently delivered to the extracellular space
with  EP>T, suggesting they may be candidate immune proteases. Only 45
extracellular proteins (2.0 %) increased less or decreased more in abundance than

expected from their transcript level changes (EP<T).
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Figure 2.3: Post-transcriptional and post-translational control over the
extracellular proteome. Fold changes in response to agroinfiltration at 5 dpi were
compared between abundances of extracellular proteins and their transcripts (a) and
between activity and abundance of extracellular proteins (b) (Student’s t-test; BH
adjusted p < 0.1). Protein groups of interest are named next to the pie charts. Full
datasets are given in Supporting Tables ES2.12 and ES2.13. The R code of the
analysis is given in Supporting File ES2.06. T, fold change of transcript abundance;
EP, fold change of extracellular protein abundance; AEP, fold change of activity of
extracellular protein.

Interestingly, for 23 of the 31 active enzymes for which we also detected the
extracellular protein (74.2 %), abundance of the active protein (A) increased more or
declined less than expected based on changes in total extracellular protein abundance
(A>EP) (Figure 2.3b, Supporting Table ES2.13). This suggests that hydrolase activity
is frequently post-translationally controlled. Among the proteins with A>EP are four
subtilases, three of which contain 109 domains and are thus likely activated by
cleavage upon agroinfiltration. Activation by cleavage may explain why abundance of
all active subtilases remained constant while total protein abundance decreased in five
cases. Seven SCPLs also remained constant or increased in active protein abundance
although their total protein abundance decreased (Supporting Table ES2.13). As
SCPLs lack inhibitory domains, they may undergo post-translational activation by
release from an inhibitor or autoactivation triggered by pH or redox-level changes.

Taken together, efficient extracellular delivery influences the increase of the
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extracellular proteome upon agroinfiltration and many hydrolases for which we

identified peptides by ABPP-MS appear to be activated post-translationally.

2.3.2 N. benthamiana deploys a large, diverse repertoire of proteases in

agroinfiltrated leaves

To improve protease annotation, we analysed the N. benthamiana protease repertoire
in the context of known plant proteases, using the MEROPS nomenclature. The
MEROPS database of proteases and inhibitors defines families based on protein
sequence homology that are grouped into clans based on structural homology.
Protease family names consist of a letter denoting the catalytic class and a unique
number (i.e. AO1 for pepsin-like aspartic proteases) (Rawlings et al., 2014). We
identified 1245 proteases and non-catalytic protease homologs in the curated
proteome of N. benthamiana. A smaller protease repertoire is encoded by genomes
of three crop and model plants: Arabidopsis (796 proteases), tomato (901) and rice
(997) (Figure 2.4a and supporting Table ES2.14). Although the N. benthamiana
protease repertoire is much larger, the proportion of predicted proteins annotated as
proteases is higher in the other plants (2.9 % in Arabidopsis, 2.6 % in tomato and 2.4
% in rice) than in N. benthamiana (1.6 %). The lower proportion of proteases in N.

benthamiana may reflect the suboptimal genome annotation.
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Figure 2.4: N. benthamiana has a diverse protease and protease inhibitor
repertoire. a) Number of proteases and non-catalytic protease homologs in each
catalytic class or inhibitors annotated are given for each species (N. benthamiana
curated proteome, A. thaliana TAIR10, O. sativa v7 JGlI, S. lycopersicum ITAG2.4).
The area of each pie chart is scaled by the total number of proteases and inhibitors.
b) The protease and protease inhibitor repertoire of N. benthamiana. For each
MEROPS family, bars give the size in the predicted proteome (grey), the number of
transcripts detected in mock and/or agroinfiltrated leaves (filled), the number of
proteins for which we detect corresponding extracellular peptides in agro- and/or mock
infiltrated leaves (black outline) and the number of enzymes for which peptides were
detected in ABPP-MS, indicating activity (black fill). For the manually curated families
(marked by an asterisk), protease homologs lacking the active site were not counted.
Each protein group identified in MS and ABPP-MS was counted as one family
member. Note that due to the nature of the ABPP probes used, only SHs and PLCPs
were monitored on the activity level. The S09 (prolyl oligopeptidase) and S33 (prolyl
aminopeptidase) families share the a/B-hydrolase fold (PFAM families PF12695 and
PF12697) and sequences with only these PFAM identifiers are marked S09/S33.

To characterize functional proteases and protease inhibitors in agroinfiltrated leaves,
we analysed them at three levels. First, we detected transcripts for 975 proteases and
60 inhibitors. Second, we identified extracellular peptides from 196 proteases and 21
inhibitors, including proteases from every catalytic class. Third, we identified 17 active
extracellular Ser and Cys proteases in agroinfiltrated leaves (Figure 2.4b). The most
prominent features of the N. benthamiana protease repertoire are the large numbers
of Cys, Metallo- and Thr proteases. Among the Cys proteases, the metacaspase
family C14 is doubled in size (n = 18 members) compared to Arabidopsis (n = 9),
tomato (n = 9) and rice (n = 8). We did not identify extracellular peptides corresponding
to metacaspases, though 14 had detectable transcripts. The large number of
metalloproteases in N. benthamiana (n = 260) compared to Arabidopsis (n = 135),
tomato (n = 149) and rice (n = 152) is distributed among 20 families and we identified
extracellular peptides corresponding to members of most metalloprotease families.
10% (n = 26) of the metalloprotease-encoding genes increased in transcript

abundance upon agroinfiltration, while 13% (n = 35) decreased. In contrast, 75 % (n
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= 28) of the metalloproteases for which we identified extracellular peptides increased
in abundance and only one M28 protease decreased. Very few plant metalloproteases
are functionally characterized, including AtSOL1, an M14 carboxypeptidase
processing peptide hormones (Casamitjana-Martinez et al., 2003; Tamaki et al., 2013)
and AtPreP1 and 2, Arabidopsis M16 proteases cleaving organellar target peptides
(Bhushan et al., 2005). The N. benthamiana M10 protease NMMP1 has been
implicated in defence because silencing NMMP1 confers susceptibility to bacterial
pathogens (Kang et al., 2010). The transcript corresponding to NMMP1
(Niben101Scf10336XLOC_078719) increases in abundance upon agroinfiltration,
while its extracellular peptides appear constant. The large metalloprotease repertoire
of N. benthamiana is changing upon agroinfiltration, raising the question whether these
metalloproteases might regulate the immune response through protein processing.
The high number of Thr proteases (n = 71) compared to Arabidopsis (n = 34), tomato
(n =29) rice (n = 31) is due to drastic expansion of the TO1 family in N. benthamiana
(n =65, vs n = 24 in Arabidopsis, n = 20 in tomato and n = 23 in rice). TO1 contains
the a and B subunits of the 20S core protease of the proteasome. Phylogenetic
analysis showed that N. benthamiana has more representatives of each subunit
(Supporting Figure 2.S03). We identified extracellular peptides corresponding to 25
TO1 subunits, possibly due to cell content leakage. Since transcripts of most (n = 52)
TO1 subunits were detected in leaves, multiple versions of the 20S proteasome may
co-exist, as they do in Arabidopsis (Book et al., 2010). Indeed, we recently showed
that two sets of catalytic subunits are incorporated in functional 20S proteasomes in

N. benthamiana (Misas-Villamil et al., 2017).

In contrast to the protease repertoire, the protease inhibitor repertoire of N.

benthamiana (n = 111 predicted protease inhibitors) is not much larger compared to
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tomato (n = 113), rice (n = 108) and Arabidopsis (n = 71). This apparent discrepancy
may reflect the multifunctionality of many protease inhibitors (Grosse-Holz & van der
Hoorn, 2016) and incomplete annotation. Among the annotated protease inhibitors,
the 103 (Kunitz) inhibitors probably function extracellularly, as we identified
extracellular peptides corresponding to all seven Kunitz (family 103) inhibitors for which
we detected transcripts. Kunitz inhibitors can inhibit both subtilases (family S08) and
a-amylases, but their bifunctional structure can also target other Ser or Cys proteases,
and other proteins (Renko et al., 2012). N. benthamiana serpins (104) appear to mostly
be intracellular, as we detected six serpin-encoding transcripts, but identified
corresponding extracellular peptides for only one. Serpins have been found in both the
cytoplasm (Lampl et al., 2013) and the extracellular space (Ghorbani et al., 2016), and
regulate plant defence and programmed cell death through irreversible inhibition of
Ser and Cys proteases (Lampl et al., 2013; Bhattacharjee et al., 2017). We detected
transcripts for four and identified extracellular peptides corresponding to two cystatins
(family 125). Cystatins target PLCPs and VPEs, regulating storage protein
accumulation, germination and defence (Benchabane et al., 2008; Grosse-Holz & van

der Hoorn, 2016).

Having obtained an overview of the N. benthamiana protease and protease inhibitor
repertoire, we focused on six large protease families, which we curated manually
(Supporting File 2. S01). For these six families, we performed phylogenetic analyses
to resolve subfamilies and determine which N. benthamiana proteins are most similar

to previously studied proteases (Figures 2.5 and 2.6).
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2.3.2.1 The PLCP family is conserved in N. benthamiana, but PIP1- and RCR3-like
PLCPs are absent from the extracellular proteome of agroinfiltrated leaves

N. benthamiana has more Papain-like Cys Proteases (PLCPs, family C01, n = 41
members) than Arabidopsis (n = 36) and tomato (n = 36), but less than rice (n = 54).
PLCP subfamilies can be defined by shared sequence features (Richau et al., 2012)
(Figure 2.5a). For example, the NPIR vacuolar localisation signal is found in Aleurain-
Like Proteases (ALPs) and the KDEL ER-retention signal in Cys Endopeptidases
(CEPs). Cathepsin-B-like proteases (CTBs) have a specific prodomain (PF08127)
serving as chaperone and inhibitor, like the 129 (PF08246) prodomain for other PLCPs.
Most N. benthamiana PLCPs have a secretion signal predicted by SignalP (Dyrlgv
Bendtsen et al., 2004). Accordingly, we identified extracellular peptides corresponding
to 18 of the 25 PLCPs for which we detected transcripts. Among the extracellular
PLCPs are three granulin-carrying proteases similar to the immune protease AtRD21
(Shindo et al., 2012), three Cathepsin-B like proteases (CTBs) and NbCYP1 and
NbCYP2, which limit susceptibility to fungal pathogens (Hao et al., 2006). We identified
peptides in ABPP-MS from NbRD21 and NbCYP1, indicating that these proteases are
active extracellularly. Many of the PLCPs for which we detected transcripts and
identified extracellular peptides contribute to N. benthamiana immunity. For instance,
silencing NbCathB (Gilroy et al., 2007; McLellan et al., 2009) blocks the hypersensitive
response (HR) and NbC14/CP14 silencing confers susceptibility to Phytophthora
infestans (Kaschani et al., 2010; Bozkurt et al., 2011). Surprisingly, we did not identify
extracellular peptides corresponding to the N. benthamiana proteins clustering with
the tomato immune proteases PIP1 (Tian et al., 2004) and RCR3 (Kruger et al., 2002),

although we detected NbPIP1- and NbRCR3-encoding transcripts.
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Figure 2.5: Annotation and detection of extracellular Papain-like Cys Proteases
(PLCPs) and Subtilases in N. benthamiana. Phylogenetic trees based on the protein
sequences of PLCPs (a) and subtilases (b) containing all proteases and protease
homologs in the respective family in Arabidopsis (grey branches) and N. benthamiana
(black branches), supplemented by well-studied enzymes from other plant species
(blue branches). Names are given as two-letter species abbreviation followed by the
name used in the literature. Grey triangles denote collapsed subtrees that contain only
Arabidopsis sequences, with the number of proteins given next to the triangle. For
protein abundance and activity, the respective symbols are shown next to all members
of each protein group for which corresponding peptides were identified. VIGS targets
were predicted based on > 90 % identical residues between the fragment used for
VIGS and the respective transcript. References: 1 (Kaschani et al., 2010); 2 (Xu et al.,
2012); 3 (Hao et al., 2006); 4 (Gilroy et al., 2007). Abbreviations: CTB, cathepsin B-
like; TPP, tripeptidyl-peptidase; fn3_5, fibronectin-3 like domain found on
streptococcal C5a peptidase.
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2.3.2.2 P69-like SBT1 subtilases are abundant and active in the extracellular
proteome of agroinfiltrated N. benthamiana leaves

The N. benthamiana subtilase family (S08, n = 56 members) is the same size as in
Arabidopsis (n = 56) and smaller than in tomato (n = 90) and rice (n = 61) (Figure
2.5b). We identified extracellular peptides for 28 of the 39 subtilases whose transcript
we detected. 12 of the 28 subtilases for which we identified extracellular peptides were
among the top 10 % most abundant extracellular proteins and we identified peptides
corresponding to 11 active subtilases using ABPP-MS (Figure 2.5b). Across the whole
subtilase family, the 109 prodomain is well conserved and the PA dimerization domain
(Rose et al., 2010) is present in some members of each subfamily. An exception
lacking SP, 109 and PA domains are the basal SBT6 subtilases (Taylor & Qiu, 2017).
We detected transcripts encoding three N. benthamiana SBT6 subtilases and
identified extracellular peptides from one. SBT6 subtilases can process peptide
hormones regulating cell elongation (Ghorbani et al., 2016), or degrade peptides
released by the 26S proteasome (Book et al., 2005). Remarkably, the SBT1 subfamily
is three-fold larger in N. benthamiana (n = 30 members) than in Arabidopsis (n = 9),
while the SBT3 subfamily is absent in N. benthamiana. We detected 22 SBT1
subtilase-encoding transcripts and identified corresponding extracellular peptides for
19. We also identified peptides corresponding to eight active SBT1 subtilases by
ABPP-MS. The tomato P69A, B and C subtilases (Jorda et al., 1999) cluster with the
SBT1 subfamily, which is consistent with a recently published, updated phylogeny of
the subtilase family (Taylor & Qiu, 2017). We detected transcripts for eight and
identified extracellular peptides corresponding to four SBT5 subtilases. We also
identified peptides corresponding to three active SBT5 subtilases by ABPP-MS. SBT5

subtilases can regulate plant immunity as receptors (Duan et al., 2016), as
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transcription factor binding proteins (Serrano et al., 2016) or being processed to
release peptide hormones (Pearce et al., 2010). The updated subtilase phylogeny
(Taylor & Qiu, 2017) suggests that SBT6 should be split into two subfamilies and notes
that the distinction between SBT4 and SBT5 subfamilies is weakly supported. Indeed,
we find two subclades of SBT6 in N. benthamiana, clustering with one of the
Arabidopsis representatives each. SBT4 falls into a Clade containing part of SBT5 in
our tree, indicating the updated phylogeny agrees with our curated N. benthamiana

proteome.

2.3.2.3 N. benthamiana POPLs are underrepresented in the extracellular proteome
of agroinfiltrated leaves

The Prolyl-oligopeptidase-like (S09, POPL) family in N. benthamiana (n = 180
members) is equivalent in size with the POPL families in Arabidopsis (n = 143), tomato
(n = 162) and rice (n = 196) (Figure 2.6a). The S09 family is defined via the ao/B-
hydrolase fold (PF12695 and PF12697), but these proteins are not always proteases
(Mindrebo et al., 2016). Interestingly, we only identified extracellular peptides for 18 of
the 122 family members for which we detect a transcript (15%), suggesting that N.
benthamiana POPLs are primarily intracellular. SO09A (prolyl-oligopeptidase-like,
POPL) is the smallest subfamily and no plant POPL has been functionally
characterized, but we detected 14 POPL-encoding transcripts and identified
extracellular peptides from two POPLs. The S09B Dipeptidyl-Peptidase type IV (DPP-
IV) subfamily contains membrane-bound exopeptidases (Tripathi & Sowdhamini,
2006), but also clusters with non-proteolytic a/B-hydrolases, including HbHNL,
RsPNAE and LhMKS1 and the salicylic acid receptor NtSABP2 (Wagner et al., 1996;
Dogru et al., 2000; Forouhar et al., 2005; Auldridge et al., 2012). Interestingly, we only

detected a transcript for NbSABP2. We identified extracellular peptides from four DPP-
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IVs. We also detected transcripts for four and identified peptides for two aminoacyl-
removing peptidases (AAPs/AAREs, subfamily S09C) clustering with AtAARE.
AtAARE is implicated in the cytoplasmic antioxidative system (Yamauchi et al., 2003;
Nakai ef al., 2012). We detected transcripts, but did not identify extracellular peptides
for the non-proteolytic members of S09C, including the proteins clustering with the
hormone receptors D14 (Yao et al., 2016), KAI2 (Guo et al., 2013), GID1 (Griffiths et

al., 2006) and the potato epoxide hydrolase StEH (Stapleton et al., 1994).
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Figure 2.6: Annotation and detection of additional protease families in N.
benthamiana. Phylogenetic trees based on the protein sequences of POPLs (a),
Pepsin-like proteases (b), SCPLs (c) and VPEs (d) containing all proteases and
protease homologs of the respective family in Arabidopsis (grey branches) and N.
benthamiana (black branches), supplemented by well-studied enzymes from other
plant species (blue branches). Arabidopsis sequences that only carry the ao/f-
hydrolase fold PFAM identifiers are not shown in the S09 tree for readability. Names
and symbols are used as described for Figure 2.5.

2.3.2.4 Pepsin-like aspartic proteases are highly abundant in agroinfiltrated leaves
and pepsin-like xylanase inhibitors have expanded in N. benthamiana

Extracellular peptides from pepsin-like aspartic proteases (A01) were abundantly
detected and the AO1 family is expanded in N. benthamiana (n = 110 members)
compared to Arabidopsis (n = 69) and tomato (n = 100), but is smaller than the rice
AO01 family (n = 130) (Figure 2.6b). We detected 76 A01 protease-encoding transcripts
and identified extracellular peptides from 45 pepsin-like aspartic proteases. Eight
pepsin-like aspartic proteases were among the top 10 % most abundant extracellular
proteins. Pepsin-like aspartic proteases are subdivided into subfamilies A1 (typical
pepsin-like), A2 (typical, but lacking the plant-specific insert), B (nucelllins) and C
(atypical) (Faro & Gal, 2005). We detected transcripts and identified peptides for 10
A1 pepsin-like proteases and they cluster with two enzymes implicated in stress
responses, barley phythepsin and bean AP1 (Huckelhoven et al., 2001; Contour-
Ansel et al., 2010). Group A2 seems absent in the N. benthamiana predicted
proteome. We detected transcripts, but did not identify extracellular peptides, for five
AO01 group B proteases. AtAPCB1 in group B is required for autophagy and resistance
to Botrytis (Li et al., 2016). Group C is the largest AO1 subfamily in N. benthamiana,
with 54 A01 Group C-encoding transcripts detected in leaves and corresponding
extracellular peptides identified for 29. Two Arabidopsis members of group C, AtCDR1
and AtAED1, modulate plant defence responses in the extracellular space (Xia et al.,
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2004; Breitenbach et al., 2014). AtAED1 clusters with two abundant extracellular N.
benthamiana proteins. We detected transcripts encoding several and identified
extracellular peptides from one protein clustering with AtA36 and AtA39, two putative
GPl-anchored aspartic proteases (Gao et al., 2017). Interestingly, the AO01 Clade
clustering with the wheat xylanase inhibitor TaXIl-I is expanded drastically with 14
members in N. benthamiana, compared to two in Arabidopsis (Sansen et al., 2004;
Brutus et al., 2005). TaXls share the fold of pepsin-like proteases, but have lost the
active site and act as xylanase inhibitors. We detected transcripts for seven putative
N. benthamiana xylanase inhibitors and identified extracellular peptides corresponding

to six.

2.3.2.5 N. benthamiana has an expanded SCPL Clade Il in the extracellular
proteome of agroinfiltrated leaves

N. benthamiana has fewer Serine-Carboxypeptidase-like enzymes (SCPLs, S10, n =
42 members) than Arabidopsis (n = 54), tomato (n = 61) and rice (n = 59) (Figure 2.6¢).
We detected transcripts for 29 and identified extracellular peptides from 19 SCPLs.
We also identified peptides corresponding to nine active extracellular SCPLs by
ABPP-MS. SCPLs fall into four Clades (Fraser et al., 2005). We detected transcripts
for three and identified extracellular peptides corresponding to one member of Clade
IA, which contains the Solanum pennellii glucose acetyltransferase (SpGAT)
(Franziska, 2013). Clade IB contains the wound-inducible tomato carboxypeptidase
LeCP (Moura et al., 2001) and two N. benthamiana proteins, for which we detected
transcripts, identified extracellular peptides and peptides by ABPP-MS, indicating
activity. The largest S10 subfamily is Clade II, with transcripts detected for 16
members and extracellular peptides identified for eight. We also identified extracellular

peptides corresponding to four active Clade Il SCPLs in ABPP-MS. Interestingly,
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Clade lll is expanded in N. benthamiana (n=10) compared to Arabidopsis (n=5) and
well represented in the extracellular proteome, with the encoding transcripts detected
and extracellular peptides identified for eight members each. We also identified
peptides corresponding to three active Clade Ill SCPLs in ABPP-MS. Clade Il
members such as NtSCP1, NtSCP2 (Bienert et al., 2012) and AtSCPL47 (Charmont
et al., 2005) are extracellular carboxypeptidases and OsBISCPL1, a rice Clade Il
SCPL, enhances stress resistance when overexpressed in Arabidopsis (Liu et al.,

2008).

2.3.2.6 Peptides corresponding to extracellular VPEs are identified in agroinfiltrated
N. benthamiana leaves

We annotated seven Vacuolar Processing Enzymes (VPEs/legumains/aspariginyl
endopeptidases) and six GPl-anchor transamidases that share the VPE domain
architecture (PF01650) in N. benthamiana. Together, they constitute family C13 (n =
13 members), which is larger than in Arabidopsis (n = 5) and rice (n = 6), but smaller
than in tomato (n = 19). We detected five VPE-encoding transcripts and one NbGIP-
encoding transcript. Notably, we also identified extracellular peptides corresponding
to two VPEs, consistent with observations made in tomato (Sueldo et al., 2014). VPEs
can activate proteins in vacuoles, including proteases (Rojo et al., 2003) and protease
inhibitors (Heath et al., 1995; Mylne et al., 2011). Silencing of NbVPEs blocks virus-
induced cell death in N. benthamiana (Hatsugai et al., 2004) and VPEs can also act in
other forms of plant cell death (Gepstein et al., 2003; Nakaune et al., 2005; Sueldo et

al., 2014; Hatsugai et al., 2015).
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2.4 Conclusions

Upon agroinfiltration, 25 % of the full leaf MRNA transcriptome changes in abundance,
associated with an immune response mounted at the expense of photosynthesis. 70
% of all extracellular proteins increase in abundance and their predicted functions
confirm that an extracellular immune response occurs. Increasing the extracellular
proteome while photosynthesis is shut down appears to drive leaves into a nutrient-
deprived state. Engineering N. benthamiana to react less strongly to Agrobacterium,
or Agrobacterium to be less immunogenic in N. benthamiana, may enhance RP
expression by re-directing limiting resources. Interestingly, expression of the silencing
inhibitor P19 had minor effects on the transcriptome and no effect on the extracellular

proteome.

Discrepancies between changes in transcript, extracellular protein and active
extracellular protein abundances suggest that the extracellular proteome is influenced
post-transcriptionally and that many extracellular enzymes are activated post-
translationally. The N. benthamiana immune response to agroinfiltration differs from
immune responses to bacterial and fungal pathogens in Arabidopsis and tomato in
that there is no drastic increase in numbers or amounts of active extracellular
subtilases and PLCPs (Xia et al., 2004; Gilroy et al., 2007; Esse et al., 2008; Sueldo
et al., 2014). This is surprising, as N. benthamiana has an exceptionally large
repertoire of 1245 proteases and non-catalytic protease homologs, transcripts
corresponding to 975 proteases were detected in leaves and peptides corresponding
to 196 proteases were identified in the extracellular space. Prominent features of the
extracellular protease repertoire of agroinfiltrated leaves are an expanded Clade of
SCPLs, highly abundant pepsin-like proteases and many SBT1 subtilases. Targeted

depletion or inhibition of these enzymes may limit undesired proteolysis to improve
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agroinfiltrated N. benthamiana as a protein expression platform. We have selected
several proteases for genetic depletion by genome editing to investigate their role in

RP degradation and how they shape the endogenous proteome.
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2.5 Material and Methods

All chemicals were obtained from Sigma (Sigma-Aldrich, St. Louis, US) unless

specified otherwise.

Agroinfiltration procedure: N. benthamiana plants were grown at 21 °C under a 16/8
h light/dark regime in a growth room. Agrobacterium GV3101-pMP90 (WT) and
Agrobacterium GV3101-pMP90 carrying a P19-encoding plasmid (P19) were grown
for 21h at 28 °C with agitation in LB medium (10 g/L NaCl, 10 g/L Tryptone, 5 g/L yeast
extract) containing 100 uM Rifampicin and 100 yM Gentamycin (for WT) plus 100 uM
Kanamycin (for P19). The P19 plasmid was pJK050, which was a gift from Jiorgos
Kourelis (Addgene plasmid # 101751), and contains a sequence encoding P19 from
tomato bushy stunt virus. Bacteria were collected by centrifugation at 2000 g for 5 min
at room temperature (RT), resuspended in infiltration buffer (10 mM 2-(N-morpholino)
ethanesulfone (MES), 10 mM MgClz, pH 5.7, 100 uM acetosyringone) to ODsoo = 0.5
and left for 2 h at 28 °C with agitation to recover. The first and second fully expanded
leaves of pre-flowering stage N. benthamiana (4-5 weeks old) were infiltrated with the

bacteria suspension using a syringe without a needle.

mRNA extraction and sequencing: For each sample, two leaf discs per leaf from six
leaves (three different plants) were pulverized under liquid nitrogen using a mortar and
pestle. RNA was extracted from 50 mg of leaf powder using TRIZOL (Thermo Fisher
Inc, Waltham, US) according to the manufacturer’s instructions. DNA contamination
was removed by in solution-digest with the Qiagen RNAse-free DNAse kit, followed by
cleanup with the Qiagen RNeasy kit, following the manufacturer’s instructions (Qiagen,
Hilden, DE). RNA quality was assessed using a Bioanalyzer with the Agilent RNA 6000
Nano Kit (Agilent Technologies, Santa Clara, US) and following the manufacturer’s

instructions. All samples used for sequencing had a RIN (RNA integrity number, 28S
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to 18S rRNA ratio) > 6.5. RNAseq library preparation and sequencing were performed
by the Wellcome Trust Centre for Human Genetics, Oxford. mMRNA was enriched using
oligo-dT beads and sequenced over three lanes of an llumina HiSeq device,

generating on average 184 million 100 bp paired-end reads per lane.

Bioinformatics tools used for transcriptome analysis: To obtain the genome-
based transcriptome (DB4), RNAseq reads were filtered to only retain those with a
Phred Q Score > 30 (Ewing & Green, 1998) and aligned to the Niben101 genome
(Bombarely et al., 2012) using TopHat version 2.0.14 (Kim et al., 2013b) with default
settings. The transcriptome was assembled using StringTie (Pertea et al., 2015) on
these alignments, allowing for multi-mapping of reads to several transcripts. TopHat
and StringTie were run via the galaxy server (Afgan et al., 2016). This resulted in the
genome-based transcriptome (DB4). To obtain the de novo assembled transcriptome
(DB3), raw reads were quality-trimmed using TRIMMOMATIC-0.32 (Bolger et al.,
2014), BAYESHAMMER (SPADES-3.5.0) (Nikolenko et al., 2013) and ALLPATHS-
LG-4832 (Butler et al., 2008). Ribosomal RNA was removed using SORTMERNA-1.9
(Kopylova et al., 2012). The quality-trimmed reads were then normalized with a khmer
size of 21 in KHMER-0.7.1 (Crusoe et al., 2015). Normalized reads were then
assembled and scaffolded using SGA (Simpson & Durbin, 2012), SSPACE-v.3
(Boetzer et al., 2011) and CAP3 (Huang & Madan, 1999). Assembled scaffolds then
underwent a final correction step using PILON-1.6 (Walker et al., 2014). This resulted
in the de novo assembled transcriptome (DB3). We manually curated protease
sequences in DB4, using single transcripts from DB1-3 and 5, as described in
Supporting File 2.501. The curated transcriptome was used by the software Salmon
version 0.7 (Patro et al., 2015) together with the filtered reads and transcript

quantification was performed in lightweight alignment mode. Thus, multi-mapping of
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reads was allowed during assembly of the transcriptome in DB4, but not during
quantification. The NumReads output of Salmon was used for relative expression

analysis in DESeq2 (Love et al., 2014, p. 2).

Bioinformatics tools for Proteome prediction All four transcriptome databases
(DB1-4, see Supporting File 2.501) were subject to coding sequence prediction using
GeneMark-ST (Tang et al., 2015), TransDecoder (http://transdecoder.github.io) and
Prodigal (Hyatt et al., 2010) using default settings for eukaryotic gene sequences. In
cases where all three methods predicted an open reading frame for a transcript then
the priority was given to the prediction made by GeneMark-ST unless the GeneMark-
ST gene model was a substring of a longer TransDecoder gene model. Transcripts
without predictions by any method were subject to an additional round of gene
prediction using Prodigal settings for bacterial genes and gene predictions were

compiled to create the final predicted proteome.

Apoplastic fluid (AF) extraction: Six N. benthamiana leaves per sample (previously
infiltrated with Buffer or A. tumefaciens suspension) were detached and vacuum-
infiltrated with ice-cold water, dried on the surface and placed in a syringe without
needle and plunger that was inserted in a 50 mL falcon tube. AF was collected by
centrifugation at 2000 g, 4 °C for 25 min and stored at -80 °C until further use. Protein
concentrations were determined with a Bradford assay according to (Ernst & Zor,
2010). To prove that leakage of cytosolic proteins into the extracellular proteome at
later time points upon agroinfiltration is indeed caused by disease and not by our AF
extraction method, we measured the activity of the intracellular enzyme malate
dehydrogenase (MDH). MDH activity in our AF from mock infiltrated leaves falls within
the range reported for AF that is virtually free from cytosolic contamination (Supporting
Figure 2.504) (Husted & Schjoerring, 1995; Goulet et al., 2010b).
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Mass spectrometry and ABPP-MS: see supplemental methods, additional File

ES2.07.

Bioinformatics tools for extracellular proteome analysis: Peptide spectra were
annotated using Andromeda (Cox et al, 2011). Included modifications were
carbamidomethylation (static) and oxidation, N-terminal acetylation and carbamylation
of Lysines and N-termini (dynamic). Protein quantification was performed using

MaxQuant version 1.5.5.30 (Tyanova et al., 2016a), including all modifications.

Phylogenetic analyses: Sequences were aligned in Geneious (Kearse et al., 2012)
using a plugin for MAFFT v7.017 (Katoh & Standley, 2013). Neighbor-joining trees
were constructed using the geneious tree builder with Jukes-Cantor genetic distances
and bootstrapped using 1000 times resampling. Trees were edited using iTOL (Letunic
& Bork, 2016). Complete versions of the trees including all sequence names are given

in Supplemental File ES2.08.

Databases and protease annotation: Protease and inhibitor sequences and PFAM
annotations were retrieved for Arabidopsis from TAIR10 (Berardini et al., 2015) and
for rice and tomato from Phytozome (Goodstein et al., 2012). Protease sequences
from other species to extend the family trees were retrieved from GenBank
(NCBI Resource Coordinators, 2017) or UniProt (The UniProt Consortium, 2017). All
Arabidopsis, rice, tomato and N. benthamiana proteases were annotated by mapping

PFAM domains to MEROPS family annotations according to supporting Table ES2.15.

Data availability: The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) partner

repository  (https://www.ebi.ac.uk/pride/archive/) with the dataset identifier
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PXD006708. RNAseq data has been deposited in the NCBI Sequence Read Archive

repository under identifier SRP109347.
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2.7 Supplementary information

Figure 2.S01: Transcripts with differential abundance between p19 and WT

agroinfiltrated leaves
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Testing for differential expression was performed as implemented in DESeq, using a
Wald-Test and filtering for Benjamini-Hochberg adjusted p-value < 0.05. Only
differentially abundant transcripts are shown.
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Figure 2.S02: protein concentration in apoplastic fluid samples
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Protein concentrations were determined using a microtiter-plate based Bradford assay
according to (Ernst & Zor, 2010). Values are given for each biological replicate as a
mean of three dilutions measured on the same plate.
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Figure 2.S04: Malate dehydrogenase enzyme activity assay (MDH assay)
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N. benthamiana plants were infiltrated with infiltration buffer (mock treatment) and
harvested at 2 dpi. One N. benthamiana leaf per sample was detached, a full leaf
extract (FLE) was prepared from two leaf discs and apoplastic fluid (AF) extracted from
the remainder of the leaf. MDH activity in U/g fresh weight (FW) was compared
between AF and FLE from the same leaf for each sample. FLE was prepared by
grinding frozen tissue using metal beads and a TissuelLyser (Quiagen, Hilden, DE),
mixing the tissue powder with 133 ul ice-cold PBS and separating the FLE from tissue
and beads by centrifugation at 4 °C, 13000 g, for 10 min. Protein concentrations of
FLE and AF were determined using a Bradford assay (Ernst & Zor, 2010) and FLE
was diluted to meet the protein concentration of the corresponding AF. MDH activity
was measured in 50 mM Tris-HCL, pH 7.5, 0.8 mM oxaloacetate and 0.4 mM NADH,
using 20 pl AF or diluted FLE for each 200 pl reaction. The reduction in absorbance
at 340 nm was read every 17 seconds using a microplate reader (Tecan Group Ltd.,
Maennedorf, CH) and the slope used to calculate the MDH activity according to
Lambert-Beers law. Mean and standard deviation of three technical replicates per
sample are shown. The assay was repeated twice with similar results.
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File 2.501: A curated proteome database for apoplastic proteome analysis

During a first annotation of the transcriptome and proteome data, we observed that
well-known proteases including PLCPs (MEROPS family C01) and subtilases (S08)
often appeared truncated or lacked conserved domains in the Niben101 proteome
database (https://solgenomics.net/). To improve the protease annotation, we
evaluated the predicted proteome databases from four transcriptomes: the Niben101
transcriptome as sequenced by a consortium at the Boyce Thompson institute
(https://solgenomics.net/) (DB1); the Nbv5 transcriptome as sequenced by a
consortium based at the University of Sydney (Nakasugi et al., 2014) (DB2); a de novo
assembly of our own RNAseq reads (DB3) and a transcriptome generated by mapping
our RNAseq reads to the Niben101 genome (Bombarely et al., 2012) (DB4). We

compared the predicted protein databases (DB1-4) using three different metrics.

First, we analysed protein length as a proxy for protein completeness. Protein length
distributions of DB1-4 showed that our de novo assembly (DB3) contains a large
proportion of short, probably incomplete sequences, with a median protein length of
156 amino acids (AA). This is an inherent weakness of de novo assemblies, which
cannot draw on the genome sequence at sites with insufficient overlap between
RNAseq reads. The Nbv5 transcriptome (DB2) was more carefully assembled and has
a median protein length of 180 AA, but DB2 is the smallest of the four databases. DB4
has a median protein length of 172 AA and thus has a higher proportion of short
sequences than DB1 (median protein length 261 AA), but DB4 is substantially larger

than any of the other three databases (Figure 2.S501.1a).

Second, to assess which of the databases contains most complete plant proteins, we

determined Best Hit Ratios (BHRs) between DB1-4 and the Arabidopsis TAIR10
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database (Berardini et al., 2015). The BHR is the number of matched positions
between a N. benthamiana query sequence and its best blast hit in the Arabidopsis
proteome divided by the length of the hit (O’Neil & Emrich, 2013). Histograms of the
BHR values show that the genome-based database (DB4) has the highest number of

complete best hits (BHR close to 1) (Figure 2.S01.1b).

Third, we annotated MS/MS spectra from shotgun proteomics of 36 AF samples with
each of the four databases. DB4 performed best in this analysis, closely followed by

the proteome predicted from the Niben101 transcriptome (DB1) (Figure 2.S501.1c).
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Figure 2.S01.1: Four N. benthamiana
proteome databases Comparison of four
N. benthamiana proteomes, predicted
from the Niben101 transcriptome (DB1),
the Nbv5 transcriptome (DB2), a de novo
assembly of the RNAseq reads obtained
in this study (DB3) and a genome-based
assembly of the RNAseq reads obtained
in this study using the Niben101 genome
(DB4). a) Histograms of protein length
values in the four databases and total
number of sequences in each database.
b) Histograms of best BLAST hit length
ratio (BHR) values for the four databases
and the total number of proteins with a
BLAST hit in Arabidopsis in each
database. c) Boxplots giving the
proportion of MS spectra annotated with
each database, with the upper and lower
hinges corresponding to 25th and 75th
percentiles, the middle line to the median
and the whiskers to the lowest and
highest data points within 1.5 interquartile
ranges from the hinge.

We continued with our genome-based
transcriptome assembly (DB4) as a
starting point, because it is the largest
database, has a large proportion of long
sequences as well as the highest number
of complete best blast hits (BHR = 1) and
matched the MS data best.

Protease

families, however, were still poorly

annotated in DB4. We therefore followed a manual curation pipeline to correct

proteases in six protease families: A01, C01, C13, S08, S09 and S10. We collected

the proteases from the four N. benthamiana proteomes and Arabidopsis TAIR10 using

PFAM 30.0 (Finn et al., 2016) and PFAM to MEROPS mapping (Supplementary Table
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ES2.1). We generated phylogenetic trees from DB4 and TAIR10 for each protease
family and used the underlying alignment to identify 197 incomplete (lacking the
catalytic site or crucial motifs) and truncated sequences in DB4, corresponding to 53
% of the proteases in the six families in DB4. We replaced 64 incomplete sequences
with longer versions from DB1-4. By allowing for a replacement from DB4, we ensured
that duplicated sequences were collapsed into the longest available version. We
retained 74 sequences that lacked the catalytic site but had no complete version in
any of the four databases. We discarded 59 sequences that were truncated and had
no longer version in any of the four databases (Figure 2.S01.2a). This resulted in a

curated N. benthamiana proteome database DB5.
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Figure 2.S501.2: Manual curation of protease families a) Flowchart detailing our
manual annotation approach. b-d: Examples of proteins that could be identified with a
higher confidence (higher protein score) using DBS (curated proteome) compared to
DB4 (proteome predicted from alignment of RNAseq reads to the Niben101 genome).
Thick grey bars indicate protein lengths; thin grey bars indicate gaps in the alignment
of the incomplete protein with its respective complete version. NJ, neighbour-joining;
n.a. not applicable, as the protein was not detected.

Searching the apoplastic proteome MS spectra with DB5 allowed us to detect 30
proteins more in the apoplast than with the genome-based database DB4, showing
that the considerable effort of curating is warranted. We also identified new peptides
in the MS data (i.e Figures S19.2b and S19.2d) and thus increased the confidence in
the protein identification, reflected in a higher protein score (Tyanova et al., 2016a).
Identification of new peptides with the curated database can lead to assignment of
additional peptides to a protein because of the “winner takes it all’/razor principle used

by the Andromeda search engine in MaxQuant (Tyanova et al., 2016a) (i.e. Figures
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S01.2b and S01.2d). In 151 cases, this allows us to detect proteins we were unable to
identify before, either because they were not part of DB4 or because they had no

peptides assigned to them (i.e. Figure 2.S01.2c).

Electronic supplementary information

Electronic supplementary information included with the thesis: Files ES2.02-08 and

Tables ES2.01-15.
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In Chapter 2, it became clear that N. benthamiana has a large, diverse repertoire of
extracellular proteases from all catalytic classes. These proteases have access to
recombinant proteins (RPs) that pass through the secretory pathway to become
glycosylated. As outlined in Chapter 1, proteases from all catalytic classes can
degrade RPs. Taken together, different proteases may redundantly degrade RPs,
indicating that proteolytic activity from multiple proteases must be depleted to prevent

RP degradation.

We therefore decided to use protease inhibitors (Pls) to deplete multiple protease
activites. The N. benthamiana predicted proteome contains 111 Pls from nine
families and PI repertoires in other plants are similarly large (Figure 2.2). The
strongest Pls with the widest protease target ranges are promising starting points in
the search for Pls that enhance RP accumulation. We thus gathered information on
multifunctional Pls that can block several proteases. Interestingly, multifunctional Pls
are found in many plant species, play diverse biological roles and appear to have

evolved in different ways.
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Chapter 3
Juggling jobs: roles and mechanisms of multifunctional

protease inhibitors in plants
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3.1 Summary

Multifunctional protease inhibitors juggle jobs by targeting different enzymes and
thereby often controlling more than one biological process. Here, we discuss biological
functions, mechanisms and evolution of three types of multifunctional protease
inhibitors in plants. The first type are double-headed inhibitors, which feature two
inhibitory sites targeting proteases with different specificities (e.g. Bowman-Birk
inhibitors) or even different hydrolases (e.g. a-amylase/protease inhibitors preventing
both early germination and seed predation). The second type consists of multidomain
inhibitors which evolved by intragenic duplication and are released by processing (e.g.
multicystatins and potato inhibitor II, implicated in tuber dormancy and defence,
respectively). The third type consists of promiscuous inhibitory folds which resemble
mouse traps that can inhibit different proteases cleaving the bait they offer (e.g.
serpins, regulating cell death, and a-macroglobulins). Understanding how
multifunctional inhibitors juggle biological jobs increases our knowledge of the
connections between networks they regulate. These examples show that
multifunctionality evolved independently from a remarkable diversity of molecular
mechanisms that can be exploited for crop improvement and provide concepts for

protein design.
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3.2 Introduction

Multifunctional protease inhibitors are classic examples that contradict the old dogma
of one protein — one function. This dogma accrues from the discovery that different
mutations can abolish different steps in biochemical pathways, indicating that each of
the mutated genes encodes one enzyme which has a particular function (Beadle &
Tatum, 1941). Multifunctionality implies that a protein or a structural fold can regulate
various partners, resulting in different biological outputs. About 30 years after the
influential paper of Beadle and Tatum, the first report of a multifunctional protease
inhibitor (Odani & lkenaka, 1973) challenged their model. A protein from soybean was
separated, yielding two parts, one of which inhibited trypsin, the other chymotrypsin
(Odani & Ikenaka, 1973). Trypsin and chymotrypsin are closely related Ser proteases,
but they differ in the surface loops that determine substrate specificity (Hedstrom et
al., 1992) and thus require distinct inhibitory sites. This first bifunctional protease
inhibitor belongs to the Bowman-Birk inhibitors (BBI), classified in the MEROPS
database as family 112 (see Box 3.1 for a brief description of the MEROPS system).
Only a few years after the discovery that a single protein can inhibit two distinct
proteases, it became clear that the Indian staple crop Ragi (Eleusine coracana)
produces an even more peculiar multifunctional inhibitor (Shivaraj & Pattabiraman,
1981). The Ragi Bifunctional Inhibitor (RBI, family 16) can form a trimeric complex with
a-amylase and trypsin, thereby simultaneously inactivating a starch-degrading
enzyme and a protease (Shivaraj & Pattabiraman, 1981). Two years later, it turned out
that a protein from barley also targets an a-amylase and a protease (Mundy et al.,
1983). However, BASI (Barley a-amylase/Subtilisin Inhibitor, family 13) is structurally
unrelated to RBI. The bifunctional BBI, RBI and BASI were the first of many

multifunctional plant protease inhibitors to be discovered. In these three cases,
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multifunctionality is facilitated by two inhibitory sites on a single protein. More recent

research has characterized other types of multifunctional protease inhibitors. Some of

these contain more than one
Box 3.1: The MEROPS database of

proteases and their inhibitors inhibitory  domain  (multidomain
(http://merops.sanger.ac.uk, (Rawlings et al.,
2014))

inhibitors) or use the same binding

site to inhibit one of various target
MEROPS groups proteins into families based

on sequence homology and families into clans | Proteases at a time (promiscuous

based on structural homology. Proteases or inhibitors) (Fig. 3.1). The frequent

inhibitors in a clan are assumed to have evolved

from a common ancestor, but are less closely | occurrence  of  multifunctionality

related than the proteins within a family. among protease inhibitors has raised

Inhibitor families are named |1 to 193. Protease

families are named with a letter indicating the many questions about the biological

catalytic type (i.e. A for Aspartic, S for Serine | roles of these proteins.  Are
and C for Cysteine proteases), followed by a

consecutive number. We refer to MEROPS multifunctional inhibitors - regulatory

release 9.12 throughout this article. links between the proteases they

affect? How has multifunctionality
evolved in different inhibitor structures and do they share common “roads to
multifunctionality”? How can multifunctional protease inhibitors be exploited for crop
improvement and protein design? These questions are addressed in this review. With
multifunctional plant protease inhibitors, we bring together a range of proteins and
biological processes that are not usually studied jointly. Awareness of a potential hub
between proteolytic networks will help to gain a comprehensive overview. Finally,
understanding the inherent power of multifunctional protease inhibitors will prove

useful to design successful agricultural or biotechnological strategies.
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3.3 Three types of multifunctionality

Juggling several biological jobs is facilitated in different ways, which we group into
three types of inhibitor multifunctionality (Fig. 3.1). The first type of multifunctional
inhibitors are Janus-type inhibitors, double headed proteins with two inhibitory faces
matching distinct targets. The second type are multidomain proteins, which resemble
a necklace of pearls (inhibitor domains). Within the pearl necklace type, the 120
inhibitor domains have diversified with regard to specificity, while the macrocyclic
cystine knot peptides can have both inhibitory and non-inhibitory functions. The third
type of multifunctionality is represented by promiscuous inhibitors such as serpins and
a-macroglobulins. These structurally different inhibitors act as mouse traps that inhibit
different proteases by undergoing dramatic conformational change upon protease
binding.

(a)DoubIe—headed (b) Multidomain (C) Promiscuous

Cs:

E.g. BBI (112); BASI (13); E.g. PI-ll (120); E.qg. Serpins (14);
RBI (16); Cystatin M (125). Multicystatins (125) Macroglobulin (139)
Cyclotides (I7)

Figure 3.1: Three classes of multifunctional protease inhibitors.

We summarize the current scientific knowledge on biological role, inhibitory
mechanism and evolution for eight families of multifunctional plant protease inhibitors.
A comprehensive overview of all discussed families and the examples mentioned

throughout this review is given in Table 3.1. The inhibitors are first discussed in groups
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based on their type of multifunctionality. We conclude by discussing all eight
multifunctional inhibitor families in the context of common biological roles, evolutionary

history and potential applications.
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Figure 3.2: Four examples of double-headed inhibitors. (a) Left: Crystal structure
(PDB ID 3ru4) of Vigna unguiculata Bowman-Birk trypsin and chymotrypsin Inhibitor
(purple, BTCI, family 112) in complex with bovine trypsin (red, family S1) and bovine
chymotrypsin (green, family S1). Right: BTCI inhibits trypsin and chymotrypsin using
loops (red) that contain Lys and lle residues mimicking the P1 substrate recognition
sites of the respective target enzymes. (b) Left: Crystal structures of Hordeum vulgare
(barley) a-amylase/subtilisin inhibitor (BASI, family 13, PDB ID 3bx1) in complex with
barley a-amylase (AMY2, brown, PDB ID 1ava) and Bacillus lentus Savinase (blue,
family S8, PDB ID 3bx1). A calcium ion (green) acts as molecular glue in the AMY2-
BASI interaction. Right: The Glycine max (soybean) Kunitz inhibitor (SKI, family 13,
PDB ID 1avu) illustrates the overall structure of Kunitz inhibitors: a B-barrel (red) with
three extended loops (L1-L3), representing a tree trunk and branches, respectively.
(c) Left: Crystal structure of Ragi Bifunctional Inhibitor (RBI, family 16, PDB ID 1tmq,
green) from Eleusine coracana (Ragi or Indian finger millet) with Tenebrio molitor
(yellow meal worm) a-amylase (TMA, brown, PDB ID 1tmq). The location where a
trypsin-like protease could bind is indicated by a red circle. Right: Inhibition is
facilitated by the N-terminal Ser residue of RBI (red) that interacts with the active site
of TMA. The loop that can interact with trypsin-like proteases (family S1) contains an
Arg residue (red) that mimics the P1 substrate recognition motif for trypsin. (d) Left:
Crystal structure (PDB ID 4n60) of human Cystatin M (purple, family 125) with human
legumain (cyan, family C13). The location where a papain-like protease could bind is
indicated by a green circle. Right: Legumains specifically cleave after Asn (P1 = Asn),
therefore selectivity of the interaction is facilitated by an Asn residue in the Reactive
Center Loop (RCL, red). The three regions of Cystatin M that would bind the substrate-
binding groove of papain-like Cys proteases are located on the opposing side (red).
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Table 3.1: Plant protease inhibitor families discussed in this review

2 inhibitory target implicated in examples
name family | & . implicated in defence discussed in
2 | mechanism enzymes development . .
this review
, , - expression induced during plant BBI (Glyc_:ine
Bowman-Birk trypsin (S1), mmune responses’ max, Medicago
inhibitors 112 | DH Laskowski chymotrypsin 'SPO ND truncatula,
- overexpression increases )
(BBIs) (S1) . 1 Oryza sativa,
resistance to a fungal pathogen
Zea mays)
Ragi ) - inhibits a-amylases from ,
bifunctional 16 DH Laskowski tar arsni%/l?gi,) organisms that feed on seed, ND RE:)E(/;ZZ‘Z)” ©
inhibitor (RBI) P such as insects® and mammals*
BASI (Hordeum
a-amylase vulgare)
Kunitz subtilisin-like (Adgr?;;:‘-lliera
o Laskowski proteases (S8), | - inhibit insect gut proteases’ and - inhibit a- :
inhibitors ] 5 pavonina), PSPI
. (BASI: PLCPs (C1), a-amylases amylases
targeting 13 DH e . Ly . . . (Solanum
. modified trypsin (S1), - reduce viability and fertility of involved in
different L , . : 8 Lo s tuberosum),
askowski) chymotrypsin insects germination
proteases . KTI3 (Populus
(S1), cathepsin .
trichocarpa x
D (A1)
Populus
deltoides)
legumain- cvstatin PLCPs (C1), - may prevent AtCYS6
inhibiting DH me)éhanism legumains ND early (Arabidopsis
cystatins 125 (C1) (C13) germination® thaliana)
. _ substrate - expression induced durlr;g plant - regulate PMC (Solanum
multicystatins MD o PLCPs (C1) immune responses storage
mimicry (C13) o 10 : tuberosum)
- inhibit insect gut proteases protein
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2 inhibitory target implicated in examples
name family | & . implicated in defence discussed in
2 | mechanism enzymes development . .
this review
- impair the growth of insects and | accumulation
fungal pathogens'’ in tubers'?
multidomain trypsin (S1), ) expresi\l/%trl]r;ci:rr%?? s upon Pl 1l (Solanum
Potato 120 |MD| Laskowski | CPYMOUYPSIN | it insect gut proteases™ ND tuberosum),
peptidase (S1), subtilisin - OVErexXDIEsSIon INCreases NaProPI
inhibitor 11 (S8) . press 15 (Nicotiana alata)
resistance to insect pests
squash MCoTlI-l
Sque g MD | Laskowski trypsin (S1) ND ND (Momordica
inhibitors Y .
cochinchinensis)
PLCPs (C1), AtSerpin1
serpin metacaspases - impair insect arowth and (Arabidopsis
serpins 14 | P | mechanism (C14), P ferti”t% ND thaliana), BSZx
(deformation) | chymotrypsin y (Hordeum
(S1) vulgare)
A2M (Cucumis
sativus, Fragaria
o macroglobulin vesca,
macroalobulins 139 P mechanism | endopeptidases ND ND Micromonas sp.
9 (caging) RCC299,
Populus
trichocarpa)

DH = double headed (Janus type); MD = multidomain (pearls on a string type); P = promiscuous inhibitors (mouse trap type);

PLCPs = papain-like Cys proteases, ND = not determined. '(Rakwal et al., 2001; Qu et al., 2003), 2(Pekkarinen & Jones, 2003),
3(Strobl et al., 1998), 4(Maskos et al., 1996), 5(Abdul-Hussain & Paulsen, 1989; Nielsen et al., 1995; Vallée et al., 1998), (Hwang et
al., 2009), ’(Da Silva et al., 2014), °(Siqueira-Junior et al., 2002; Uppalapati et al., 2005; Girard et al., 2007), '°(Orr et al., 1994;
Siqueira-Junior et al., 2002), "'(Orr et al., 1994; Siqueira-Junior et al., 2002), '?(Mignery et al., 1988; Pouvreau et al., 2001; Weeda

et al., 2009), '3(Graham et al., 1985; Kong & Ranganathan, 2008), '4(Tamhane et al., 2005; Joshi et al., 2014), '5(Johnson et al.,
1989; Tamhane et al., 2009; Dunse et al., 2010; Joshi et al., 2014), ' (Fluhr et al., 2012)
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3.3.1 Double-headed inhibitors: the Janus-type

With his two faces looking in opposite directions, the ancient Roman God Janus
provides a good metaphor for bifunctional inhibitors. Each of the two faces stands for
a binding site on which a target enzyme can be inhibited. Surprisingly many protein
architectures facilitate multifunctionality by providing two sites with different inhibitory
specificity, thus the Janus-type inhibitors include representatives from at least four

MEROPS families that occur in plants (Table 3.1).

3.3.1.1 Bowman-Birk inhibitors (112): losing and gaining multifunctionality

The first Janus-type inhibitor was discovered in soybean flour by Bowman in 1946
(Bowman, 1946). The inhibitor was further purified and characterized by Yehudith Birk,
who showed that it inhibits both trypsin and chymotrypsin (Birk, 1961). However, it was
not yet clear that this was due to two binding sites. Separation of the protein in two
fragments which retained inhibitory activity towards either trypsin or chymotrypsin,
respectively, elucidated that the soybean Bowman-Birk inhibitor (BBI, MEROPS family
112, see Box 3.1 for a brief description of the MEROPS system) has two independent
binding sites (Odani & lkenaka, 1973), making the soybean BBI the first known
multifunctional protease inhibitor. BBl-encoding genes are also present in Medicago,
rice and maize, but they seem absent in the model plants Arabidopsis thaliana and
Nicotiana benthamiana (Rawlings et al., 2014). BBls may have a defensive function,
because BB/ gene expression in rice is upregulated in response to wounding and the
defence-related phytohormone jasmonic acid (Rakwal et al., 2001; Qu et al., 2003)
and overexpression of an endogenous Janus-type BBl in the staple crop rice increases
resistance to Magnaporthe grisea, a fungal pathogen causing rice blast (Qu et al.,
2003). BBIs fold into a core of antiparallel beta-sheets that is crosslinked by multiple

disulphide bridges (seven in the case of soybean BBI). The two inhibitory sites are
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located on protruding loops on opposing ends of the beta-sheet core (Fig. 3.2a) and
function via the Laskowski mechanism (Box 3.2) (Laskowski & Kato, 1980; Chen et

al., 1992; Voss et al., 1996). Monocot 112 inhibitors contain up to three BBl domains

Box 3.2: The Laskowski Mechanism of Protease Inhibition

The Laskowski mechanism of inhibition is probably the most common scenario of protease
inhibition by proteinaceous inhibitors (Rawlings et al., 2014). Michael Laskowski described
the “standard mechanism” of protease inhibition, where the inhibitor acts as a “limited
proteolysis substrate” (reviewed in Laskowski and Kato, 1980). A reactive peptide bond on
this limited substrate is bound by the target protease and an acyl intermediate is formed
with a high association constant. However, the rate of completion of proteolytic cleavage
and dissociation is very low, resulting in an apparent equilibrium between the free enzyme
and inhibitor on the one hand and the complex on the other. Both the intact and the cleaved

inhibitor can bind and inhibit the protease, and cleavage is reversible.

(Qu et al., 2003), thus they should in theory have up to six protease inhibitory sites.
However, the monocot BBl domain has lost a disulphide bridge restraining the
conformation of one of the inhibitory loops. Having lost the inhibitory activity of one of
the two subdomains, monocot BBIs bind only one target protease per BBl domain.
Apparently, the loss of the second inhibitory site in monocots was corrected by domain
duplication, so that contemporary monocot BBIs can bind multiple proteases (Song et
al., 1999; Park et al., 2004). Surprisingly, though BBIls can inhibit trypsin and
chymotrypsin, it is still unknown what the natural targets of these seed proteins are.
Identification of both endogenous (plant) and exogenous (insect/bacterial/fungal)
target proteases might increase our understanding of the apparent evolutionary

pressure towards multifunctional plant BBls.
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3.3.1.2 Kunitz inhibitors (13): a very versatile fold

Ser protease inhibitors from the Kunitz (13) family exist in most higher plants, but seem
to be absent from green algae genome sequences according to the current release of
the MEROPS data base (Rawlings et al., 2014). The inhibitors were named after
Moses Kunitz, who crystallized the first representative from soybean flour (Kunitz,
1945). The I3 family includes Janus-type inhibitors that bind different target enzymes
on two reactive sites, e.g. the barley a-amylase/subtilase inhibitor BASI and its rice
orthologue, both of which occur in grains (Leah & Mundy, 1989; Yamagata et al.,
1998). a-amylase/subtilase inhibitors are believed to regulate germination, as they
inhibit endogenous a-amylases (Abdul-Hussain & Paulsen, 1989; Vallée et al., 1998;
Nielsen et al., 2003), which mobilize storage carbohydrates during germination
(Fincher, 1989). Rice a-amylase/subtilase inhibitors also block a-amylases from
insects that feed on the grain starch (Bellincampi et al., 2004). Using its second
reactive site, BASI inhibits proteases from the fungal pathogen Fusarium culmorum
(Pekkarinen et al, 2007), also indicating defensive functions that make a-
amylase/subtilase inhibitors interesting candidates for crop improvement. Another
member of the Kunitz family, ApKTI (Adenanthera pavonina Kunitz type inhibitor),
occurs in seeds of the leguminous tree Adenanthera pavonina. ApKTI can inhibit both
trypsin (S1) and papain (C1) simultaneously (Migliolo et al., 2010) and is active against
gut proteases from herbivorous insects, including beetles and moths ((Da Silva et al.,
2014), and references therein). Artificial diets containing ApKTI reduce the viability and
fertility of these insects, indicating that ApKTI acts in defence against herbivorous
insects. ApKTl is a promising candidate for crop improvement, as the multifunctionality
of the inhibitor may help to impede insect adaptation (Da Silva et al., 2014). Potato

tubers also contain a Janus-type Kunitz type inhibitor, named Potato Serine Protease
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Inhibitor (PSPI). PSPI can bind simultaneously to both trypsin and chymotrypsin, two
S1 Ser proteases with different substrate specificities (Valueva et al., 2000;
Meulenbroek et al., 2012). The biological role of PSPI in planta is unclear. In principle,
PSPI could act in defence or protect storage proteins from endogenous proteases to
prevent premature sprouting. Considering that PSPI is one of the most abundant
proteins in potato tubers (Meulenbroek et al., 2012), it probably also serves as a
storage protein itself. Recently, a new biochemical function was proposed for KTI3
(Kunitz trypsin inhibitor 3), a Populus deltoides (poplar) inhibitor from the Kunitz family
active against trypsin and chymotrypsin (Major & Constabel, 2008). KTI3 is expressed
in planta upon exposure to heavy metals and this protein confers heavy metal
resistance when expressed in transgenic yeast. Molecular modelling suggests that
KTI3 can chelate copper ions, but this remains to be demonstrated experimentally
(Guerra et al., 2015). Multifunctionality in Kunitz inhibitors is not always achieved via
the double-headed Janus structure. For instance, a Kunitz inhibitor from Prosopis
Jjuliflora, a South American shrub, can inhibit either trypsin (family S1) or papain (family
C1) using overlapping binding sites (Franco et al., 2002).

All Kunitz (13) inhibitors share a tree-like tertiary structure called the B-trefoil fold (Fig.
3.2b). The “tree” consists of a B-barrel (the trunk) with flexible loops protruding from
each side (branches and roots, respectively) (Sweet et al., 1974). The protease
binding sites of B-trefoil inhibitors are located in the loops (Azarkan et al., 2011) and
inhibition occurs via the Laskowski mechanism (Box 3.2) (Renko et al., 2012), with the
notable exception of the a-amylase/subtilase inhibitors.

BASI has been crystallized in complex with savinase, a subtilase from the soll
bacterium Bacillus lentus (Micheelsen et al., 2008). Structural and mutational analysis

of this complex revealed that the BASI inhibitory mechanism for subtilases differs from
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the canonical Laskowski mechanism. The protease inhibitory loop of BASI is shorter
than usual and pulled out of the protease active site by a disulphide bridge. Thus, BASI
cannot be cleaved by the subtilase, which may result in a more stable inhibitory
complex. The cysteine residues facilitating this version of the Laskowski mechanism
are conserved in the rice and wheat orthologues of BASI, suggesting that they function
in the same way (Micheelsen et al., 2008). The inhibitory sites of BASI are known to
be independent because protease inhibition still occurs when the inhibitor is saturated
with a-amylase (Mundy et al., 1983). Inhibition of barley a-amylase occurs via a large
binding interface and involves a fully hydrated Ca?* ion. This way, BASI sterically
hinders the access to the active site of the a-amylase (Fig. 3.2b) (Vallée et al., 1998).
As affinity of BASI for barley a-amylase increases with increasing pH ((Nielsen et al.,
2003) and references therein), it is thought that the protonation state of the amino acid
side chains involved in Ca?* binding may be affected by pH changes (Nielsen et al.,
2003). During germination, a decrease in pH might release a-amylase from BASI
(Mundy et al., 1983; Vallée et al., 1998; Nielsen et al., 2003).

Length, orientation and amino acid composition of the loops vary between the (-trefoil
inhibitors, allowing them to inhibit up to two proteases of different classes
(e.g.(Dattagupta et al., 1999; Meulenbroek et al., 2012)). Protease families inhibited
by Kunitz inhibitors include S1, S8, C1 and A1 (Azarkan et al., 2011; Rawlings et al.,
2014). Although the overall structure is highly conserved, the inhibitory motifs of the
Kunitz inhibitors are diversified across the family. The core B-barrel, the conserved
element of the Kunitz fold, is a rigid structure that presumably confers stability to the
Kunitz inhibitors in harsh environments. The B-barrel can fold via various routes,
rendering the folding process of Kunitz proteins relatively immune to point mutations

in the loops. Taken together, it appears that the stable B-trefoil fold provided a platform
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for evolution of a wide range of molecular recognition mechanisms (Azarkan et al.,
2011). In plants, this includes the inhibition of amylases and proteases via various
mechanisms. In other organisms, the Kunitz fold with its versatile loops is shared by

growth factors, Interleukins and DNA binding proteins (Renko et al., 2012).

3.3.1.3 RBI (16): bifunctionality by two versions of substrate mimicry

Ragi bifunctional inhibitor (RBI) was first purified from seeds of the Indian finger millet,
locally called Ragi (Eleusine coracana) (Shivaraj & Pattabiraman, 1981). Like BASI,
RBI inhibits both insect and mammalian a-amylases as well as proteases (Maskos et
al., 1996; Strobl et al., 1998). Astonishingly, BASI and RBI are unrelated in terms of
sequence, structure and inhibitory mechanisms, thus inhibition of different hydrolase
classes using one multifunctional protein must have evolved twice independently. RBI
adopts an all-ao-fold (Fig. 3.2c), which is unrelated to any other known protease
inhibitor family (Strobl et al., 1995, 1998). The trypsin binding site of RBI forms a loop
that can be cleaved by bovine trypsin, but RBI remains inhibitory afterwards (Strobl et
al., 1995), confirming that protease inhibition follows the canonical Laskowski
mechanism (Box 3.2) (Maskos et al., 1996). Structural analysis of a complex between
RBI and a-amylase from yellow meal worm (Tenebrio molitor) revealed that the
amylase inhibitory mechanism differs remarkably between I3 and 16 inhibitors. RBI
inserts its N-terminus into the amylase active site, almost completely filling the catalytic
cleft and directly interacting with the active site residues (Strobl et al., 1998). The
inhibitor can be displaced by large substrates (>7 saccharide units), confirming that
RBI acts in a competitive, substrate-like manner on a-amylase (Maskos et al., 1996).
RBI can form a ternary complex with bovine trypsin and porcine a-amylase (Maskos
et al., 1996), confirming that the binding sites for the protease and amylase are

independent, as is the case for BASI. The extensive in vitro studies on the RBI
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inhibitory mechanisms have, to our knowledge, not been complemented with studies
on the role of this bifunctional inhibitor in vivo. For instance, it is unknown whether RBI
inhibits endogenous a-amylases as well as pathogen enzymes and how important this
is for germination and defence. The structural similarity between RBI and seed storage
proteins, the albumins, provokes the speculation that this Janus-type inhibitor evolved

from the small, stable albumin fold by acquiring additional inhibitory activities.

3.3.1.4 Legumain-inhibiting cystatins (I125A): More than just an extension

Plant representatives of the cystatin family (125) are called phytocystatins (MEROPS
family 125A, see Box 3.1 for a brief description of the MEROPS system) and occur in
a wide range of taxonomic groups, including green algae, mosses, monocots and
dicots (Martinez & Diaz, 2008). Most phytocystatins have a molecular weight of 12 —
16 kDa and inhibit Cys proteases of the family C1. Higher plants contain additional C-
terminally extended cystatins with a molecular weight of ca 24 kDa (Martinez & Diaz,
2008). The C-terminal extension is a second inhibitory site, specific for C13 proteases,
called aspariginyl endopeptidases (AEPs), legumains or vacuolar processing
enzymes (VPEs) (Martinez et al., 2007). The presence of both C1 and C13 proteases
is necessary in vitro for complete degradation of the bean storage protein phaseolin
(Zakharov et al., 2004). To prevent germination, C1 and C13 proteases may thus be
co-regulated by legumain-inhibiting cystatins. Indeed, overexpression of the C-
terminally extended cystatin AtCYS6 in A. thaliana causes reduced Cys protease
activity and delayed germination, whereas atcys6 null mutant seeds exhibit higher Cys
protease activity and germinate early (Hwang et al.,, 2009). It remains unclear,
however, whether this requires the C1 or the C13 protease inhibitory activity, or both.
Bifunctional cystatins may be efficient regulators of germination, as they are able to

prevent both the C1- and the C13-dependent steps of storage protein hydrolysis.
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Bifunctional cystatins target different proteases via different mechanisms, namely
steric hindrance of C1 proteases and substrate mimicry for C13 proteases. The
mechanism for C1 protease inhibition by cystatins is conserved between animals and
plants (Rawlings et al., 2014) and is based on a tripartite wedge consisting of the N-
terminus and two hairpin loops carrying the conserved QxVxG motif (Fig. 3.2d). This
wedge is inserted into the active site of the C1 protease in a tight, but reversible
interaction (Stubbs et al., 1990). C13 protease inhibition by phytocystatins involves
substrate mimicry using an exposed Asn residue following an a-helix on the C-terminal
extension. Interestingly, animal cystatins can inhibit legumains (AEPs/VPEs) without
an extension, as they harbour such an Asn residue next to a helix on the back of the
cystatin domain itself (Alvarez-Fernandez et al., 1999). Bifunctional phytocystatins
may thus have evolved from an ancient domain duplication, upon which each of the

two cystatin domains lost one of the inhibitory activities (Martinez et al., 2007).

3.3.2 Multidomain Inhibitors: the pearl necklace

The pearl necklace-type inhibitors consist of an array of protease inhibitory domains.
Their inhibitory potential is increased through cleavage, which releases the inhibitory
domains like pearls from a string. Gene duplication probably gave rise to these
multidomain proteins. Notably, a new folding pathway led to reorganization of the
inhibitory domains of 120 inhibitors. Cyclization of the multidomain precursor or the
released inhibitory peptides occurs for 120 and 17 inhibitors, respectively. The
accumulation of structurally similar domains in one protein can also facilitate new

regulatory mechanisms, as seen with the multicystatins (125).
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Figure 3.3: Folding and processing of multidomain inhibitors. (a) Folding and
processing of the PI-II inhibitor of Nicotiana alata (Na-ProPI, family 120). Na-ProPI
contains six sequence repeats (highlighted in different colours) that fold into six hybrid
inhibitory domains (depicted as pearls). One domain consists of the N- and C-termini
linked by three disulphide bridges. The inhibitory domains are released through
proteolytic cleavage by Cys proteases (presumably family C13). The NMR structure
of the 2nd and 3rd domain with the cleavable linker in between them has been resolved
(bottom, PDB ID 1fyb). The cleavage site for release of the two domains, which target
chymotrypsin and trypsin (both family S1), respectively, is indicated by a black arrow.
(b) Folding and processing of potato multicystatin (PMC, family 125). The precursor
consists of eight cystatin domains (depicted as pearls) that are released through
proteolytic cleavage by Ser proteases at low pH. Domains 5-7 remain together and
have been crystallized (PDB ID 4lzi). All released cystatin domains target papain-like
Cys proteases (family C1) using a tripartite wedge inhibitory site (highlighted in red).
(c) Folding and processing of squash inhibitors (family 17). The precursor consists of
five sequence repeats, each but the last ending in the AEP/VPE cleavage site Asp or
Asn, indicated in yellow. Four of the released peptides (red) undergo cyclization by
AEP/VPE, while the last repeat (blue) remains acyclic. All five released squash
inhibitors share the cystine knot motif with three disulphide bridges (grey). The crystal
structure of the macrocyclic knottin MCoTI-Il (PDB ID 4gux) shows the disulphide
bridges linking the central loop to the periphery (yellow) and the Lys residue
recognized by trypsin (family S1).

3.3.2.1 Multidomain Potato peptidase inhibitor Il (120): cyclization shuffles domains

Already in the 70s, the Japanese scientist Teruo Iwasaki determined the amino acid
sequence of a fragment of potato peptidase inhibitor Il (PI Il) that inhibited trypsin (S1)
and, to a lesser extent chymotrypsin (S1) and subtilisin (S8) (lwasaki et al., 1976).

Similar proteins occur in tomato, where their production is induced by wounding
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(Graham et al., 1985). Today, it is clear that inhibitors of the 120 family are present in
most monocots and dicots including maize, Arabidopsis, poplar and many
solanaceous species. Most plants appear to only have one 120 inhibitor gene, whereas
tomato and potato contain more homologues (Rawlings et al., 2014). The 120 inhibitors
are clearly associated with plant defence. Their expression increases upon wounding
(Graham et al., 1985; Kong & Ranganathan, 2008) and they are constitutively made
in reproductive organs, which seem well worthy of special protection (Atkinson et al.,
1993). Furthermore, 120 inhibitors from pepper inhibit the gut proteases of the cotton
bollworm (Helicoverpa armigera) in vitro (Tamhane et al., 2005; Joshi et al., 2014) and
overexpression of different members of the 120 family confers increased resistance to
insect pests in various species (Johnson et al., 1989; Tamhane et al., 2009; Dunse et
al.,, 2010; Joshi et al., 2014), highlighting the potential of 120 inhibitors for crop
improvement.

Structure and fold of the 120 inhibitors are prime examples for the fascinating intricacy
of plant defence proteins. The Nicotiana alata 120 inhibitor precursor NaProPl is a well-
studied example (Kong & Ranganathan, 2008). NaProP!l is a 43 kDa protein produced
at high levels in the female reproductive tissues of N. alata. The amino acid sequence
of NaProPI consists of six homologous sequence repeats flanked by an N-terminal
signal peptide and a C-terminal vacuolar targeting signal (Atkinson et al., 1993). Both
signal peptides are removed during posttranslational processing and eventually, the
six-repeat precursor is cleaved into six individual protease inhibitors of 6 kDa each
(Fig. 3.3a). Two of the inhibitors released from NaProP| inhibit chymotrypsin and four
are specific for trypsin (Lee et al., 1999). Each of the released inhibitors contains eight
Cys residues forming four disulphide bonds and adopts a compact, stable fold (Nielsen

et al., 1995) (Fig. 3.3a). All 120 inhibitors utilize the Laskowski mechanism (Box 3.2)
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(Greenblatt et al., 1989), but their in vivo target proteases remain unknown. Five of the
6 kDa inhibitors released from NaProPI are single-chain peptides, but the sixth one
consists of two chains held together by three disulphide bridges (Lee et al., 1999). This
peculiarity arises from the way in which NaProP!I is processed into the 6 kDa mature
inhibitors. Interestingly, the underlying cleavage sites are located not between, but
within each of the sequence repeats of NaProPI (Heath et al., 1995). After removal of
the signal peptides, the NaProPI precursor adopts a cyclic conformation, linking the
N-terminus to the C-terminus of the peptide chain via three disulphide bridges. This
circle is then cleaved once within each sequence repeat, releasing five single-chain
inhibitors as well as one two-chain protein which contains the N- and C-terminal ends
of the NaProPI precursor (Lee et al., 1999). NaProPI can be processed in vitro using
C13 endopeptidases (Heath et al., 1995), suggesting that asparaginyl endopeptidases
(AEPs/VPEs/legumains, family C13) might release the 6 kDa inhibitors in vivo.

The peculiar mechanism of the NaProP| maturation prompts the question how this
protein might have evolved. It is very likely that the ancestor of the 120 family consisted
of a single sequence repeat folding into a single domain inhibitor. Sequence
duplication events then gave rise to multi-repeat proteins that eventually adopted the
cyclic fold and processing sites within each sequence repeat. This scenario is
endorsed by the finding that a single ancestral NaProP| sequence repeat can fold into
a functional inhibitor when it is expressed in bacteria (Scanlon et al., 1999). As soon
as more than one repeat is present, however, the artificial ancestral 120 inhibitor
adopts a cyclic conformation and is processed within the repeats (Lee et al., 1999).
Notably, not all of the 120 inhibitors need to be cleaved in order to be active. The two-
domain tomato inhibitor Il has been crystallized in a ternary complex with two subtilisin

molecules, showing that both inhibitory sites are accessible simultaneously (Barrette-
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Ng et al., 2003). Analysis of nonsynonymous/synonymous mutation rates within the
whole 120 family revealed that that the cysteine scaffold that determines the structure
of the cyclic precursors as well as of the released inhibitors is under purifying selection.
This underscores the evolutionary pressure towards a cyclic precursor that may be
explained by its elevated thermodynamic stability. The active residue of the released
inhibitors, however, is under diversifying selection, presumably leading to specificity

for different target proteases (Kong & Ranganathan, 2008).

3.3.2.2 Squash inhibitors (I7): knottins laced up

Squash inhibitors (MEROPS family 17) occur in the seeds of Cucurbitaceae and are
macrocyclic knottins of less than 50 amino acids, stabilized by multiple disulphide
bridges in the cystine knot motif. The squash inhibitors we discuss here are released
from multidomain precursors containing up to eight repeats (Hernandez et al., 2000;
Mylne et al., 2012). Given their abundance and strong inhibitory activity against
trypsin-like proteases used by mammalian, insect and fungal seed predators, squash
inhibitors might be involved in defending seeds against predation (Burman et al., 2014;
Mahatmanto, 2015), but a role as storage proteins in seeds has also been envisaged
(Mahatmanto et al., 2015). To our knowledge, no protease has yet been identified as
a natural target of squash inhibitors.

The cystine knot is a common motif that stabilizes squash inhibitors as well as a range
of other, unrelated plant peptides known collectively as the cyclotides. The knot is
based on a hairpin of two antiparallel B-strands containing three cysteines linked to
the periphery via three disulphide bridges. A third, non-standard 3-strand is present in
one of the loops, which are otherwise not canonically structured (Fig. 3.3c) (Saether
et al., 1995; Craik et al., 1999; Mylne et al., 2012). Squash inhibitors are released from

multidomain precursors and cyclized via transpeptidation by asparaginyl
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endopeptidases, also called vacuolar processing enzymes (AEPs/VPEs, family C13)
(Saska et al., 2007; Gillon et al., 2008; Mylne et al., 2012). The last repeat of the
inhibitor precursor remains acyclic, but nevertheless inhibits trypsin (Mylne et al.,
2012). The squash inhibitors are members of the 17 family that shares the Laskowski
mechanism of inhibition (see Box 3.2) (Otlewski & Zbyryt, 1994; Hernandez et al.,
2000).

Interestingly, macrocyclization of cystine knot peptides seems to have evolved several
times in parallel. The whole subtropical cucurbit genus Momordica has an acyclic,
single-domain cystine knot inhibitor, while multidomain precursors encoding
macrocyclic knottins are only found in a subgroup of related species, indicating they
may have arisen through recent gene duplication events (Mahatmanto, 2015).
Additionally, cyclotides occur in the Rubiaceae, Violaceae, Fabaceae and
Solanaceae. The corresponding precursors differ between species with regard to the
number of cystine knot repeats (Mylne et al., 2012). All of these precursors share the
recognition sites necessary for cleavage and cyclization by AEPs/VPEs (Hara-
Nishimura et al., 1991; Hiraiwa et al., 1999) and a Gly residue needed to form a circle
(Jennings et al., 2001). The ability of AEPs/VPEs to cyclize peptides may have acted
as an evolutionary channel, lending the selective advantage of increased stability to
cystine knot peptides that start with a Gly and end in Asp/Asn (Mylne et al., 2012).
Macrocyclic knottins are an excellent template for artificial multifunctionalization.
Different engineered MCoTI-II (Momordica cochinchinensis trypsin inhibitor-Il) knottins
specifically inhibit proteases from different catalytic classes, namely chymotrypsin
(family S1, Ki in nM range), subtilisin (family S8, Ki in uyM range), a viral Cys protease
(family C3, Ki in in yM range) (Thongyoo et al., 2009), tryptase and leukocyte elastase

(both family S1) (Thongyoo et al., 2009).
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3.3.2.3 Multicystatins (I125A): release at the right moment

Phytocystatins form a separate subfamily 125A within the cystatin family 125 (Margis
et al., 1998; Rawlings et al., 2014). Phytocystatins inhibit papain-like Cys proteases
(family C1) and are common among plants from green algae to Arabidopsis, tomato,
rice and maize (Rawlings et al., 2014). Some members of the phytocystatin family also
inhibit C13 proteases using a C-terminal extension, as discussed in section 3.3.1.4. In
this paragraph, we focus on the numerous cases where phytocystatins occur as
multidomain proteins (Rawlings et al., 2014) consisting of up to eight inhibitory cystatin
domains (Walsh & Strickland, 1993). Multidomain cystatins (multicystatins) play
various biological roles in both potato and tomato. The potato multicystatin (PMC)
occurs in potato tubers and inhibits tuber proteases (Kumar et al., 1999). PMC is
produced during early stages of tuber formation, associated with a decrease in
proteolytic activity in the tuber, which may facilitate storage protein accumulation.
Indeed, accumulation of PMC up to 12% of total soluble tuber protein precedes the
accumulation of patatin, the main storage protein in potatoes that makes up 40% of
the soluble protein content (Mignery et al., 1988; Pouvreau et al., 2001; Weeda et al.,
2009). In ageing tubers, proteolytic activity increases again, coinciding with a drop in
the detectable levels of PMC (Kumar et al., 1999). Thus, PMC abundance appears to
regulate the process from building up the protein reserves in potato tubers to their
mobilisation during ageing and germination. Multicystatin expression in tomato leaves
is induced by various elicitors of plant immunity (Siqueira-Junior et al., 2002;
Uppalapati et al., 2005; Girard et al., 2007) and tomato multicystatin inhibits proteases
from insect digestive tracts and impairs the growth of plant pathogenic fungi in vitro

(Siqueira-Junior et al., 2002). Similar experiments show that potato multicystatin
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inhibits the growth of corn rootworm larvae, predators of an important food crop, when
added to an artificial diet (Orr et al., 1994).

Multicystatins have the intriguing capacity to crystallize in native tissues. Cys protease-
inhibiting crystals were first observed in potato tubers (Cohn, 1859; Rodis & Hoff,
1984), but they also occur in tomato leaves (Akers & Hoff, 1980). Multicystatin crystals
localize to the cytosol in potato (Nissen et al., 2009) as well as in tomato (Madureira
et al., 2006). The transition between crystalline and soluble states for PMC is now
quite well understood. Solubilisation of PMC occurs at mildly acidic pH, exposing the
inhibitory domains to target cysteine proteases (Orr et al., 1994). Recent structural
analyses show that low pH weakens the interdomain interactions in PMC, explaining
this regulatory mechanism (Green et al., 2013). As soon as it is soluble, PMC can be
cleaved by serine proteases (Walsh & Strickland, 1993) to release three fragments,
which collectively contain eight cystatin domains. Inhibition of Cys proteases by each
of the eight domains occurs via the cystatin mechanism (section 1.4). The acidic
environment of certain areas in the insect gut is thought to activate the inhibitor exactly
when and where it is needed to hinder the protein catabolism of the insect pathogen,
but not the host plant (Green et al., 2013). Multicystatins presumably evolved from an
ancestral, single-domain plant cystatin via gene duplications. Although it is known that
phytocystatins inhibit papain-like cysteine proteases (family C1) (Tajima et al., 2011),
it is yet unknown which proteases are regulated by multicystatins (Benchabane et al.,

2008).
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3.3.3 Promiscuous inhibitory folds: the mouse trap type

In this section, we describe two protease inhibitor families that utilize a mechanical
trapping mechanism to sequester their target proteases. The nature of these
mechanisms is destructive: inhibition is irreversible and dooms both the protease and
the inhibitor for degradation. The active site that is recognized by the enzyme can vary
in mouse trap type inhibitors without affecting functionality of the trap. Accordingly,
mouse trap type inhibitors have developed multifunctionality in the sense that the

same inhibitory fold can be used to target different proteases.
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Figure 3.4: Serpin and a2-Macroglobulin, the promiscuous mouse traps. (a) Top:
Crystal structure of the serpin AtSerpin1 (family 14, PDB ID 3le2) showing the reactive
centre loop (RCL, red) that can be cleaved by C1 papain-like Cys protease RD21
(family C1A) or Metcaspase-9 (MC9, family C14). Cleavage causes a conformational
change that inserts the loop (blue) as a new anti-parallel B-sheet in between the two
B-sheets (blue arrows). Bottom: Schematic illustration of the mouse trap mechanism.
Cleavage of the RCL results in a conformational change that insets the blue strand of
the loop into the serpin structure, irreversibly deforming the serpin and the covalently
trapped protease. (b) Top: Crystal structure of human a2-macroglobulin (family 139,
PDB ID 4acq). Only two of the four subunits are shown in grey and blue, respectively.
The bait peptide structure is unresolved and indicated with a red dashed line. The Cys-
Glu thioester (green) traps the protease covalently. Bottom: Simplified illustration of
the inhibitory mechanism of a2-macroglobulin. Any small size protease that cleaves
the promiscuous bait peptide triggers a conformational change that traps the protease
in a cage. The thioester (green loop) reacts with any Lys residue on the surface of the
protease, thereby covalently immobilizing the protease in the cage.
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3.3.3.1 Serpins (14): springing the mouse trap on Ser and Cys proteases

Ser and Cys protease inhibitors of the MEROPS family 14, called serpins, occur in the
grains of cereals of the Triticeae tribe, including barley, rye, and wheat, and in oat
(Poeae tribe) (Roberts, 2003). As highly abundant grain proteins, serpins are found
even in fully processed beer (Hejgaard & Kaersgaard, 1983; Hejgaard et al., 1985).
The biological role(s) of serpins remain somewhat unclear, although there are hints in
two directions. First, artificial diets containing serpins impair growth and fertility of
insect pests, indicating a potential role in defence and highlighting the potential serpins
hold for crop improvement (Thomas et al., 1994, 1995; Alvarez-Fernandez et al., 1999;
Yoo et al., 2000). Second, two putative plant target proteases of the Arabidopsis
thaliana serpin 1 (AtSerpin1) are involved in programmed cell death (PCD), suggesting
that AtSerpin1 could have a pro-survival function. AtSerpin1 inhibits metacaspase
AtMC9 (family C14) in vitro and co-localizes with AtMC9 in vivo in the extracellular
space (Vercammen et al., 2006). Electron microscopic images of atmc9 mutant A.
thaliana leaf cells suggest a role for AtMC9 in clearance of the cell contents after
tonoplast rupture (Bollhoner et al., 2013). The second putative AtSerpin1 target
protease is the C1 protease RD21 (Responsive to Desiccation 21), which was
identified as an in vivo interaction partner during pull-down of AtSerpin1 from plant
extracts (Lampl et al., 2010). The RD21 precursor protein accumulates in ER-derived
protease storage bodies, which fuse with each other and the vacuole under stress
conditions. Fusion is believed to lead to activation of the proteases which assist in
recycling of cellular contents during stress-induced PCD (Hayashi et al., 2001). In line
with this role of RD21, PCD during plant infection with the necrotrophic fungi Botrytis
cinerea and Sclerotina sclerotiorum is accelerated in the atserpin1 knock-out, but

prevented in plants lacking RD21. Interestingly, Lampl et al. detected AtSerpin1-GFP
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fusions expressed from the endogenous promoter mainly in the cytoplasm (Lampl et
al., 2013), in contrast to the previously reported extracellular localization (Vercammen
et al., 2006). In addition, increased resistance of rd27 mutant leaves to infection by
Botrytis cinerea is in contrast to earlier findings that rd21 mutant plants are more
susceptible than the wild type to Boftrytis cinerea (Shindo et al., 2012). Some serpins
act as traps with a versatile bait, like the barley serpin BSZx. Using overlapping sites
within its reactive center loop, BSZx can inhibit trypsin, chymotrypsin and, to some
extent, cathepsin G (all family S1) in vitro (Dahl et al., 1996). Evolutionarily, inhibitory
serpins are conserved throughout the kingdoms of life, although they vary widely
between uni- and multicellular organisms (Roberts et al., 2004). Chlamydomonas
serpins, for instance have a distinct intron-exon structure from higher plant serpins.
The reactive centre loops differ remarkably between monocots and dicots, suggesting
that serpins might have diverged with regard to target proteases and biological
functions (Roberts & Hejgaard, 2007).

With regard to structure and mechanism, serpins are unique among plant protease
inhibitors. The structure of the 43 kDa inhibitor AtSerpin1 has been resolved by
crystallography and consists of three conserved B-sheets and nine conserved o-
helices, as common among animal serpins (Fig. 3.4a) (Lampl et al., 2010). Serpins
inhibit their target proteases in a unique, suicidal manner. Ser and Cys proteases
cleave the serpin reactive loop, forming an acyl-enzyme intermediate with the serpin.
Cleavage triggers a profound conformational change in the metastable fold of the
serpin, which deforms the active site of the protease and irreversibly binds it to the
inhibitor (Fig. 3.4b). This remarkable trapping mechanism (Huntington et al., 2000)

allows for a structural separation of inhibitory activity from protease specificity. Thus,
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members of the serpin family share the same fold, but target a range of Ser and Cys

proteases (Fluhr et al., 2012; Rawlings et al., 2014).

3.3.3.2 a-macroglobulin (139): the gilded cage

Functional macroglobulin genes are annotated in only a few plant species, according
to the MEROPS database (Rawlings et al., 2014) and a recent comparative genomics
study (Santamaria et al., 2014). This includes cucumber (Cucumis sativus), alpine
strawberry (Fragaria vesca), the alga Micromonas sp. RCC299 and black cottonwood
(Populus trichocarpa). However, the structure, specificity and mechanism of action of
this family are intriguing. Macroglobulins are large (ca 200 kDa) glycoproteins and their
structure resembles a round cage (Fig. 3.4c) (Sottrup-Jensen, 1989; Sottrup-Jensen
et al., 1989). a-macroglobulins possess an exposed bait region with recognition sites
for various types of endopeptidases, cleavage of which triggers a conformational
change. Thus, the protease gets trapped inside the large macroglobulin protein, much
like in a cage (Fig. 3.4d) (Feldman et al., 1985). The caged peptidase cannot bind
large targets or inhibitors any more, but remains accessible for small molecules
(Sottrup-Jensen, 1989). Variation of the bait region does not affect the inhibitory
mechanism, allowing for multifunctionality of the macroglobulin fold (Sottrup-Jensen
et al., 1989). The physiological role of macroglobulins in plants remains obscure. The
versatile functions of this protease inhibitor family in animals and bacteria are reviewed

elsewhere (Rehman et al., 2013).
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3.4 Significance of multifunctional protease inhibitors in the plant
research arena

Multifunctional protease inhibitors represent hubs that regulate distinct branches of the
plant physiological network, for instance defence and tuber sprouting in the case of
the potato multicystatin (family 125). For one inhibitor to do several biological jobs, it
must often target multiple proteases of different families or even different catalytic
classes. This can be achieved through several inhibitory interfaces on the same
protein, as seen with the Janus-type and the multidomain 120 inhibitors, or through
one promiscuous interface, as seen in the mouse trap type inhibitors. A different way
to assign multiple biological functions to one inhibitor is to produce it on different
occasions in space and time. For instance, multicystatins (family 125) accumulate in
tomato and potato leaves in response to wounding as well as in potato tubers when
building up storage protein reserves. Through whichever route inhibitors acquire
multifunctionality, the result is a protein that provides a link between the biological
processes it regulates. Increased knowledge on multifunctional protease inhibitors will
therefore promote a network-level understanding of plant physiology. The evolutionary
history of inhibitors in their role as regulatory hubs could then reveal how the network

was restructured over time.

Multifunctional protease inhibitors share stabilizing structural features, most notably a
compact fold linked covalently by disulphide bridges. This structural similarity may
resemble a common evolutionary road to multifunctionality. It appears that small,
stable proteins, such as protease inhibitors, are well suited to acquire a (second)
inhibitory function, as they are already fit to persist in harsh environments with high
proteolytic activity. Additional protease inhibitory activities may await discovery in
many small, stable proteins, including the known multifunctional inhibitors. A second,
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even more obvious road towards multifunctionality is duplication of inhibitory domains,
which can further lead to neofunctionalization of the duplicate, rearrangements in the
overall protein structure or emergence of new regulatory mechanisms (sections 1.1

and 2).

On the applied side, recombinant expression of multifunctional inhibitors from the
families 112, 113, 120 and 125 has been successfully used to generate pest-resistant
crop plants (Orr et al., 1994; Xu et al., 1996; Siqueira-Junior et al., 2002; Dunse et al.,
2010). Furthermore, I3 and 120 inhibitors were used to limit proteolysis of recombinant
human proteins produced in plants, tackling a major issue in molecular farming (Kim
et al., 2008b; Goulet et al., 2012). Increasing our understanding how multifunctional
inhibitors link physiological networks could facilitate new applications. For instance,
recombinant protein degradation could be prevented very effectively by controlling
regulators of proteolytic cascades in the plant. Inhibitors that interfere with
endogenous as well as exogenous proteases could protect crops from pests and
premature senescence. In medicine, multifunctional plant protease inhibitors of the
family 112 have been used to limit undesired protease activity as potential anticancer

drugs (da Costa et al., 2014).

In one case, the concept of multidomain inhibitors has been taken further using
artificial multidomain inhibitors consisting of five naturally occurring domains (families
125 and 131) to create a more stable and more potent inhibitor than its natural, single-
domain counterparts. Overexpression of this custom-made multidomain inhibitor in
potato increases resistance to the insect pest Frankliniella occidentalis (Outchkourov
et al., 2004). Some impressive examples of custom-made inhibitors based on a known
multifunctional fold are found among the squash inhibitors (section 2.2). However, the
relatively low affinity of the engineered squash inhibitors for their targets highlights that
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a deeper understanding is needed to develop synthetic approaches. Knowing all
essential features of an inhibitor structure, one could design completely novel

inhibitors, customized for desired applications.

From the examples discussed throughout this review, it is clear that several roads to
multifunctionality exist, starting from adaptation of target recognition sites in stable
proteins or gene duplication, with the latter branching out in multiple directions. Fine-
mapping these roads will facilitate the construction of custom multifunctional inhibitors
while, at the same time, enhancing our knowledge about regulatory hubs in the plant

physiological network.
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In Chapter 3, we integrated the available information about multifunctional plant
protease inhibitors (Pls) that can inhibit different proteases, often simultaneously.
Multifunctional Pls can address the challenge posed by the large, diverse protease
repertoire that is likely responsible for low RP accumulation in molecular farming
(Chapter 2). The following chapter describes a screen carried out to find the best Pls
to increase RP accumulation in agroinfiltrated N. benthamiana. Eleven tested Pls fall

into the categories of multifunctionality discussed in Chapter 3.

Double-headed inhibitors are well represented in the screen. We included four N.
benthamiana Kunitz inhibitors (NbK1-3 and MER41190) that may carry several
inhibitory loops and the tomato Kunitz inhibitor Solanum lycopersicum Cathepsin D
Inhibitor (SICDI) that targets Asp and Ser proteases (Goulet et al., 2010a, 2012). We
also included a N. benthamiana cystatin carrying a legumain inhibitory site
(LBNbCYS1). Specific domains of two multidomain Pls, a Nicotiana alata 120 inhibitor
and Solanum lycopersicum cystatin 8 (SICYS8), an eight-domain multicystatin, were
included in the screen because these domains had previously increased RP
accumulation (Kim et al., 2008b; Sainsbury et al., 2013; Jutras et al., 2016). We also
selected four mousetrap type PIs, two serpins from N. benthamiana (NbSRP-TMS and
NbSRP-LRA), one barley serpin reported to inhibit a broad range of proteases in
different tissues (Roberts et al., 2003) and an A. tumefaciens protein annotated as

macroglobulin.

Chapter 4 describes how RP accumulation in agroinfiltrated N. benthamiana can be
increased by co-expression of Pls. This strategy emerges from the knowledge about
the large, diverse N. benthamiana protease repertoire and about multifunctional Pls,

assembled in Chapters 2 and 3, respectively.
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Chapter 4
Three unrelated protease inhibitors
enhance accumulation of pharmaceutical recombinant proteins

in N. benthamiana

106



Friederike Grosse-Holz, Luisa Madeira, Muhammad Awais Zahid, Molly Songer,
Mary Fresenko, Svenja Blaskowski, Sabrina Ninck, Geronimo Heilmann,
Markus Kaiser, Renier A.L. van der Hoorn. (manuscript in preparation). Three
unrelated protease inhibitors enhance accumulation of pharmaceutical recombinant

proteins in N. benthamiana.

Authors

Friederike Grosse-Holz!"l, Luisa Madeiral'l, Muhammad Awais Zahid!'l, Molly
Songer!'l, Mary Fresenkol'l, Svenja Blaskowskil?, Sabrina Ninck[?!, Geronimo

Heilmann!d, Markus Kaiser?, Renier A.L. van der Hoornl""

Affiliations

[l Plant Chemetics Laboratory, Department of Plant Sciences, University of Oxford,

South Parks Road, Oxford, OX1 3RB, UK

2l Chemische Biologie, Zentrum flr Medizinische Biotechnologie, Fakultat fur Biologie,

Universitat Duisburg-Essen, Universitatsstr. 2, 45117 Essen, Germany.

* Corresponding author

Running title

3 protease inhibitors for molecular farming

107



Author contributions

R.H. conceived the research. F.G.H. designed and performed experiments and
analysed data unless specified otherwise. F.G.H. and R.H interpreted the results. L.M.
provided plasmids and established conditions for recombinant protein expression.
M.A.Z., M.S. and M.F. obtained recombinant protein accumulation data under the
supervision of F.G.H. S.B. performed the sample preparation for MS using peptide
samples provided by F.G.H. S.N., G.H. and M.K. performed LC-MS/MS and peptide
and protein identification steps for MS. F.G.H. performed the statistical analysis of MS
data, generated all figures and wrote the manuscript with feedback from R.H. All

authors read and approved the final manuscript.

108



4.1 Summary

Agroinfiltrated Nicotiana benthamiana is a flexible and scalable RP production
platform, but is impeded by low RP yields. Plant proteases can limit RP accumulation
by degrading RPs. Co-expression of RPs with protease inhibitors (Pls) can enhance
RP accumulation, but known Pls do not target all classes of N. benthamiana leaf

proteases.

Here, we tested 29 candidate Pls for enhancing RP accumulation. We identified three
new, unrelated Pls that enhanced RP accumulation. NbPR4 is a N. benthamiana Cys
Pl, NbPot1 a N. benthamiana Ser Pl and HsTIMP is a human metalloprotease
inhibitor. We compared the three new inhibitors to the known tomato Cys Pl SICYS8.
Remarkably, accumulation of three unrelated RPs was enhanced by each PI,
suggesting the mechanism of RP degradation may contain universal elements. Using
known non-inhibitory mutant Pls, we demonstrate that inhibitory functions of HsTIMP
and SICYS8 are required to enhance RP accumulation. Different Pls additively
enhance RP accumulation, but the effect of each Pl is dose-dependent. Activity-based
Protein Profiling (ABPP) revealed that the activity profiles of PLCPs, Ser hydrolases
(SHs) or Vacuolar Processing Enzymes (VPESs) in leaves are unaffected by the new
Pls. Quantitative leaf proteome data indicate that Pl expression may trigger plant

immunity.

Our data indicate that RPs are degraded stepwise by a redundant, dynamic network
of plant proteases. NbPR4, NbPot1 and HsTIMP can be used to study new plant

proteases and to enhance RP accumulation in industrial molecular farming.
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4.2 Introduction

Molecular farming, the production of biopharmaceuticals in plants, offers speed,
scalability and low risk of contamination with human pathogens when compared to
insect or mammalian cell culture systems (Stoger et al., 2014). Plant-made
biopharmaceuticals are now a reality, with the first product on the market (Fox, 2012)
and more in clinical trials (Lomonossoff & D’Aoust, 2016). To produce
biopharmaceuticals, N. benthamiana leaves can be genetically modified by infiltration
with disarmed Agrobacterium tumefaciens (Agrobacterium) carrying gene(s) of
interest on the transfer DNA (T-DNA) of binary plasmid(s) (Bevan, 1984).
Agrobacterium delivers the T-DNA to the plant nucleus, where genes are transiently
expressed. Co-expression of several transgenes is simply achieved by mixing
Agrobacterium cultures delivering different transgenes before agroinfiltration. Co-
expression with silencing inhibitor P19 is frequently used to boost protein
overexpression by preventing the decline of the transgene transcript levels (Van der
Hoorn et al., 2003). Agroinfiltration-mediated protein expression can now deliver ten
million doses of the latest influenza vaccine within six weeks (Pillet et al., 2016). Large-
scale agroinfiltration has also produced many different functional monoclonal
antibodies (mABSs) (Yusibov et al., 2016), including the Ebola neutralizing drug ZMapp
(Qiu et al., 2014). To maximize efficacy and limit immunogenicity, biopharmaceuticals
like ZMapp are produced with humanized N-glycans in the secretory pathway of
genetically engineered N. benthamiana (Castilho et al., 2014; Schoberer & Strasser,
2017).

A bottleneck on the road to commercialization of agroinfiltration for molecular farming
are the relatively low yields of plant-produced recombinant proteins (RPs): 15 — 200

mg of monoclonal antibody (mAB) or < 1 g virus-like particles per kg fresh leaf (Yusibov
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et al., 2016; Lomonossoff & D'Aoust, 2016). Both yield and purity of RPs are hampered
by proteolytic degradation (Doran, 2006; Niemer et al., 2014; Hehle et al., 2015; Donini
et al., 2015), which can occur in the extracellular space (Hehle et al., 2011), affecting
RPs as they pass through the secretory pathway for glycosylation. Several Papain-
Like Cys Proteases (PLCPs), including two N. benthamiana PLCPs, can degrade RPs
in vitro (Paireder et al., 2016, 2017), but the proteases degrading RPs in agroinfiltrated
leaves remain to be identified.

The N. benthamiana protease repertoire is large and diverse. We recently described
transcripts corresponding to 975 putative proteases of all catalytic classes present in
agroinfiltrated leaves. We also detected peptides corresponding to 196 proteases in
the extracellular space (Grosse-Holz et al., 2017). RPs thus encounter a large,
complex proteolytic network in agroinfiltrated N. benthamiana.

Past attempts to prevent RP degradation include supplementation of stabilizing
agents, protease gene knockdown, subcellular targeting, fusion proteins and protease
inhibitor co-expression (Mandal et al., 2016). However, no “magic bullet” against
degradation has been identified. Different strategies to limit proteolysis have been
successful for each expression platform and RP.

Among the protease activity depletion approaches, protease inhibitor (Pl) co-
expression is promising for three reasons. First, many Pls can inhibit several enzymes,
often from different families, overcoming protease redundancy (Grosse-Holz & van der
Hoorn, 2016). Second, Pls can be targeted to the secretory pathway to escort RPs
during secretion (Goulet et al., 2012; Jutras et al., 2016). Third, Pl co-expression by
agroinfiltration depletes protease activity only locally, thus protecting RPs with minimal

effects on non-agroinfiltrated tissues.
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To date, six Pls were found to enhance RP accumulation (Mandal et al., 2016). Most
of the Pls that enhanced in planta RP accumulation were expressed in stable
transgenic plant cells: a Bowman-Birk serine protease inhibitor boosted mAB
accumulation in N. tabacum roots (Komarnytsky et al., 2006) and a N. alata Ser
protease inhibitor (Protease inhibitor 1) enhanced accumulation of Human
Granulocyte Macrophage Colony Stimulating Factor (hnGM-CSF) in rice suspension
cells (Kim et al., 2008b). Likewise, transgenic tobacco plants expressing Oryzacystatin
| produced increased levels of recombinant glutathione reductase (Pillay et al., 2012)
and tomato Cathepsin D inhibitor (SICDI) has been used to enhance human a+-anti-
chymotrypsin accumulation in transgenic potato leaves (Goulet et al., 2010a) and
boost mAB levels upon transient co-expression in N. benthamiana (Goulet et al.,
2012). However, effects of transient SICDI co-expression on mAB levels seem to
depend on plant growth conditions (Robert et al., 2013). The tomato Cys protease
inhibitor SICYS8 enhances accumulation of mABs upon co-expression in
agroinfiltrated N. benthamiana (Robert et al., 2013; Jutras et al., 2016) and can act as
a stabilizing fusion partner to increase human a+-anti-chymotrypsin levels (Sainsbury
et al., 2013). Importantly, the Q47P mutation abolishes protease inhibitory capacity of
SICYS8 and co-expression with SICYS8-Q47P does not increase RP levels
(Sainsbury et al., 2013; Jutras et al., 2016).

Here, we expand the toolbox of protease inhibitors for molecular farming, specifically
in agroinfiltrated N. benthamiana, through a systematic screen of candidate Pls
targeting various classes of N. benthamiana proteases. We selected three new Pls
that increase levels of three unrelated RPs, separately and in combination. We also
investigated suppression of protease activity and identified changes in the total

proteome of leaves upon Pl overexpression.

112



4.3 Results

4.3.1 Selecting candidate protease inhibitors

To overcome the degradation bottleneck in molecular farming, we aimed to co-express
secreted recombinant proteins (RPs) with secreted protease inhibitors (Pls). We took
four approaches to select candidate Pls (Figure 4.1a). First, we mined the literature
for ten strong and/or stable inhibitors targeting each class of proteases, prioritizing N.
benthamiana proteins to simplify expression. We included UbiDomNeg (Ubiquitin-
K48R) and native Ubiquitin as a control to also block proteasome-mediated
degradation (Chau et al., 1989). Second, we used public microarray data from the
NCBI GEO database to select five putative plant Pls whose corresponding transcripts
are depleted upon interaction with A. tumefaciens (Ditt et al., 2006; Lee et al., 2009;
Barrett et al., 2013; Lang et al., 2016). Depleted putative inhibitors were chosen to
shift the balance between active and inhibited proteases in agroinfiltrated leaves upon
Pl overexpression. In our third approach, we selected eight pathogen-derived,
secreted inhibitors known to target secreted plant immune proteases. Fourth, we
identified four endogenous Pls associated with plant immunity, reasoning that they
might both inhibit proteases and enhance plant fithess during interaction with A.
tumefaciens. This resulted in a collection of 29 Pls, summarized in Figure 4.1b.

The 29 candidate Pls were cloned into a golden-gate compatible a T-DNA vector
containing 35S promoter and terminator and an intron to ensure in planta expression.
All constructs also carry the signal peptide of PR1a from N. tabacum (NtPR1SP),
replacing the endogenous signal peptide, if present (Figure 4.1c) (Ohshima et al.,
1987; Vancanneyt et al., 1990; Engler et al., 2014). To screen for Pls that enhance
accumulation of a broad range of RPs, three model RPs were transiently co-expressed

with each candidate PI by agroinfiltration (Figure 4.1d). As model RPs, we used an a-
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Galactosidase (aGal) used to treat Fabry’s disease (Garman & Garboczi, 2002), the
angiogenic glycohormone erythropoietin (EPO) (Hayat et al., 2008) and the HIV-
neutralizing antibody VRCO01 (Wu et al., 2010). During the screen, leaves were
sampled at three and six days post infiltration (dpi), or at four and seven dpi when P19
was co-expressed. Each RP-PI combination was tested at least once (number of
separate experiments in Figure 4.1e, representative data in Supplementary File
ES4.01). Pls that enhanced RP accumulation in initial experiments were tested further,
focusing on three dpi without P19 as the most informative condition (black background
in Figure 4.1e). For benchmark purposes, the screen included three Pls that had been
used previously to increase RP accumulation upon co-expression, namely SICYS8
(Jutras et al., 2016), SICDI (Goulet et al., 2012) and the N. benthamiana protein most
similar to N. alata Protease inhibitor Il (NbPot2, 87 % identity) (Kim et al., 2008b).
However, SICDI failed to increase RP accumulation in our system, possibly due to the
differences in tested RPs (SICDI enhanced accumulation of murine antibody C5-1)
and plant growth conditions. NbPot2 was also ineffective, possibly due to differences
in RPs (NbPot2 enhanced accumulation of hGM-CSF), expression systems and PI
sequence differences. Remarkably, only SICYSS8 increased RP accumulation (black
background in Figure 4.1e). SICYSS8 was thus used in further experiments as a positive
control. Besides Pls, we tested the dominant-negative ubiquitin-K48R mutant (Chau
et al., 1989), but Ubi-K48R did not change RP accumulation (Figure 4.1e and

Supplementary File ES4.01).
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a) candidate PI b) 29 candidate Pls e) screening for

selection strategies enhanced RP accumulation
name genbankID_| family w-t?rgm reference | aGal | EPO | vRco1]
HaSFTI Q4GWU5S 112 Ser Luckett et al 1999 HaSFTI 2 1 5
HsTIMP NP_003246 | 135 Metallo | Arkadash et al 2017 HsTIMP
HvBSZx Z15116 14 (Serpin) Ser/Cys | Fluhr et al 2012 HvBSZx 4 4 8
LB_NbCYS1 tbd 125 (Cystatin) Cys | this work LB NbCYS1 | 4 4 8
Knaiin NbPot2 ABA42892 | 120 Ser | Kim etal 2008 NbPot2 2 2 4
strong/ NbSRP_LRA thd 14 (Serpin) Ser | this work NbSRP_LRA | 1 1 3
stable NbSRP_TMS thd 14 (Serpin) Ser | this work NbSRP_TMS | 1 1 3
inhibitors NbHVCYS6 thd 125 (Cystatin) Cys | Martinez et al 2009 NbHVCYS6 0 0 1
SICD! CAC00535 | 13 (Kunitz) Ser/Asp | Goulet et al 2012 SICDI 2 2 5
SICYS8 AAF23128_| 125 (Cystatin) Cys | Goulet et al 2008 SICYS8
UbiDomNeg thd TO1 Chau et al 1989 UbiDomNeg 1 1 3
Ubiquitin thd T01__| Chau etal 1989 Ubiquitin 1 1 3
MER411712 tbd 125 (Cystatin) Cys__ | this work MER411712_| 5 3 8
depleted MER411832 thd 113 Ser__ | this work MER411832 | 1 0 4
) upor MER411950 tbd I3 (Kunitz) | Ser/Cys/Asp| this work MER411950 | 4 4 8
@ interachon MER412033 thd 113 Ser__ | this work MER412033 | 4 4 8
with A. £ NbPott thd 113 Ser__ | this work NbPot1
AtMac WP_010973260| 139 all___| this work AtMac 4 4 8
AtSerPl WP_010973636| 151 Ser | this work AtSerP 4 4 8
CIP1 NP 793972 | 142 Ser/Cys/Asp| Shindo et al 2016 CIP1 2 1 8
pathogen-
d’ bt s EPI1 AAT00500 | 11 Ser/Cys | Tian ot al 2004 EPI1 2 2 4
P EPI12 XP_002904472| 11 Ser/Cys | this work EPI12 2 2 4
EPIC1 EEYS55256 | 125 (Cystatin) Cys | Tian etal 2007 EPICT 1 1 3
EPIC2B EEY55258 | 125 (Cystatin) Cys | Tian etal 2007 EPIC2B 2 2 4
GrVAP1 CADB0978 i Cys Lozano-Torres et al 2012 GrVAP1 2 2 4
) NbK1 tbd I3 (Kunitz) | Ser/Cys/Asp| this work NbK1 1 0 4
associated NbK2 tbd I3 (Kunitz) | Ser/Cys/Asp| this work NbK2
2 ysiAsp 0 1 0 4
with plant NbK3 tod I3 (Kunitz) | Ser/Cys/Asp| this work NbK3 1 0 4
immunity NbPR4 tbd 143 Cys | Kimetal2015 NbPR4
c¢) candidate Pl expression constructs d) co-expression approach \
promoter SP candidate P!l terminator ==
(358) intron (358)

" mix of RPs:
(aGal, EPO, VRCO1)

Figure 4.1: Four of 29 tested candidate protease inhibitors (Pls) enhance
recombinant protein (RP) accumulation. 29 putative Pls were selected by four
different strategies (a, b). Pls were cloned into an expression cassette with a 35S
promoter and terminator, NtPR1 signal peptide and PIV2 intron, flanked by T-DNA
borders. c) Pls were transiently co-expressed in N. benthamiana with three RPs
[antibody VRCO01, aGalactosidase (aGal), erythropoietin, (EPO)] by agroinfiltration (d).
e) Number of times each Pl was tested. (Western Blots are shown in Supplementary
File ES4.01). Each experiment consisted of two or more biological replicates. Four Pls
enhanced RP accumulation (black boxes). Sequences with genbank IDs marked “tbd”
(to be determined) will be submitted to genbank upon acceptance of this manuscript.

4.3.2 NbPR4, NbPot1 and HsTIMP enhance accumulation of three

model RPs upon co-expression

From the 26 previously untested Pls, we identified three Pls that enhance RP
accumulation upon co-expression (black background in Figure 4.1e). Interestingly,

these three new Pls are unrelated and presumably target different protease classes.
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NbPR4 is the N. benthamiana protein most similar to CaPR4c (86.7 % identical amino
acids), a novel Cys protease inhibitor associated with defence against Xanthomonas
in pepper (Kim & Hwang, 2015). NbPot1 (N. benthamiana Potato inhibitor type | (113)
inhibitor) was initially selected for co-expression because a transcript corresponding
to a similar Arabidopsis protein was depleted upon interaction with A. tumefaciens.
Indeed, abundance of the N. benthamiana transcript corresponding to NbPot1
(Niben101Scf00750XLOC_013210) is reduced 6.7-fold at two dpi (Grosse-Holz et al.,
2017). HsTIMP was included in the candidate Pl screen to target metalloproteases,
for which we did not find plant-derived alternatives. HSTIMP is a well-studied potential
anti-cancer inhibitor targeting matrix-metalloproteases (MMPs, M10) (Arkadash et al.,
2017). MMPs are conserved in plants (Liu et al., 2001; Kang et al., 2010) and both
transcripts and extracellular peptides corresponding to MMPs accumulate in

agroinfiltrated leaves of N. benthamiana (Grosse-Holz et al., 2017).
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Figure 4.2: Individual co-expression with NbPR4, NbPot1 or HsTIMP enhances
accumulation of aGal (a), EPO (b) and VRCO01 (c). Leaves were infiltrated with 1/1
(v/v) mixes of A. tumefaciens strains carrying plasmids for expression of aGal (a) or
EPO (b) and PI or 1/1/1 (v/v) mixes of A. tumefaciens strains carrying plasmids for
expression of VRCO1 heavy chain, VRCO1 light chain and PI (c). Full leaf extracts
were harvested at 3 dpi. Proteins were subjected to reducing (a-b) or non-reducing (c)
SDS-PAGE and transferred onto PVDF membranes. RP accumulation was visualized
using the indicated antibodies. Closed and open triangles in (c) indicate the full length
VRCO1 and putative degradation products, respectively (VL/CL, variable/constant
domain of the light chain, VH/CH, variable/constant domain of the heavy chain). The
blots are representative of at least five biological replicates (Supplemental File
ES4.02). (d) The top band in VRCO1 blots was quantified using Imaged and
normalized to the SICYS8-Q47P control (+/- stdev, n =5, ANOVA p<0.0001 with post-
hoc Tukey test, p<0.05).

Co-expression with NbPR4, NbPot1, HsTIMP or SICYS8 enhances accumulation of
aGal when compared to the SICYS8-Q47P negative control (Figure 4.2a and
Supplemental File ES4.02). Full-length aGal has a predicted molecular weight (MW)
of 50.2 kDa and contains four N-glycosylation sites, indicating that the band at ~ 55
kDa represents the complete protein. Co-expression with HsTIMP or NbPR4
consistently enhances aGal accumulation more than co-expression with NbPot1 and

SICYSS.
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Interestingly, accumulation of EPO (Figure 4.2b and Supplemental File ES4.02) is
enhanced in the same way by Pl co-expression. This is remarkable because the Pls
are unrelated and the RPs share no similarities. EPO has a predicted MW of 23.4 kDa
and contains three N-glycosylation sites and one O-glycosylation site, indicating that
the band at ~ 35 kDa represents the complete protein.

The VRCO1 antibody was transiently produced by co-expressing the heavy and light
chains (HC and LC) and detected using an anti-u LC antibody. Fully assembled
VRCO1 is detected at > 180 kDa, similar to purified VRCO1, indicating that PI co-
expression enhances accumulation of the fully assembled antibody, consisting of two
HCs and two LCs (Figure 4.2c and Supplemental File ES4.02). Besides full-length
VRCO1, we also detect VRCO1 fragments which likely result from cleavages close to
the hinge region and after the variable domain of HC and LC. Cleavage at these
positions is common for immunoglobulin G (IgG) type mABs, and similar LC fragments
were detected for other IgG mABs (Niemer et al., 2014; Hehle et al., 2015; Donini et
al., 2015).

Although the levels of all RPs are boosted upon Pl co-expression, the strength of this
effect differs between RPs. Full-length VRC01 accumulation is 5- to 10-fold enhanced,
a change that lies within the dynamic range of Western blots and could thus be
quantified directly (ANOVA p<0.0001, post-hoc p<0.05) (Figure 4.2d). aGal and EPO,
however, were not detectable in the control sample without overexposing the bands in
Pl co-expressing samples. We therefore performed Western blots on dilution series of
these samples. These experiments indicate that aGal accumulation is enhanced ~14-
, ~8-, ~7- and ~4-fold upon co-expression with HsTIMP, NbPR4, SICYS8 or NbPot1,
respectively (Supplemental Figure 4.501). Accumulation of EPO is enhanced even

further, namely ~27-, ~23-, ~16- and ~18-fold upon co-expression with HsTIMP,
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NbPR4, SICYS8 or NbPot1, respectively (Supplemental Figure 4.S01). For fully
assembled VRCO1, the values are within the range of those obtained by direct band
quantification, namely ~8-, ~10-, ~10- and ~2-fold increased accumulation upon co-
expression with HSTIMP, NbPR4, SICYS8 or NbPot1, respectively (Supplemental
Figure 4.S01). In summary, we discovered three Pls that enhance accumulation of
three unrelated RPs upon co-expression. NoPR4 and HsTIMP are superior to NbPot1

and SICYS8 in boosting RP accumulation.
4.3.3 The N-terminus of HSTIMP is required to boost RP accumulation

To elucidate how the three new Pls enhance RP accumulation, we mined the literature
for putative inactive mutant Pls. This information is not available for NbPR4 or NbPot1,
but the inhibitory function of HsTIMP can be disrupted by appending an Ala residue to
the N-terminus of HsTIMP (Wingfield et al., 1999). Indeed, co-expression with Ala-
HsTIMP does not enhance VRCO01 accumulation when compared to co-infiltration of
only A. tumefaciens, suggesting inhibitory activity of HsTIMP is required to enhance

RP accumulation (Figure 4.2, Figure 4.3a and Supplemental Figure 4.S02).
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Figure 4.3: a) Ala-HsTIMP does not enhance VRC01 accumulation. Leaves were
infiltrated with 1/1/1 (v/v) mixes of A. tumefaciens strains carrying plasmids for
expression of VRCO1 heavy chain, VRCO01 light chain and PI or no plasmid (empty
Agro). Full leaf extracts were harvested at 3 dpi. Proteins were subjected to non-
reducing SDS-PAGE and transferred onto PVDF membranes. VRC01 accumulation
was visualized using an anti-light chain antibody. Closed and open triangles indicate
the full length VRCO1 and putative degradation products, respectively (VL/CL,
variable/constant domain of the light chain, VH/CH, variable/constant domain of the
heavy chain). The blot shows a mixed sample from three biological replicates
(Supplemental Figure 4.502). b) (mutant) Pls accumulate in N. benthamiana leaves
upon transient expression. Inhibitor-derived peptides detected by MS in extracts
obtained at 4 dpi from agroinfiltrated leaves expressing (mutant) Pls in the presence
of P19. Peptides (blue) are mapped to the inhibitor sequences (black) which carry the
NtPR1 signal peptide (SP, grey). For HsTIMP and SICYS8, mutations are indicated in
red. Sequences are given in Supplemental Figure 4.S03.

4.3.4 (mutant) Pls accumulate in N. benthamiana leaves upon transient

overexpression

To verify that (mutant) Pls accumulate in leaves upon transient overexpression, we
performed label-free, quantitative mass spectrometry (MS) on extracts obtained at 4
dpi from agroinfiltrated leaves overexpressing the (mutant) Pls in the presence of P19.
Unique peptides derived from HsTIMP and SICYS8 were identified in the respective

extracts from leaves overexpressing the (mutant) Pls. Furthermore, peptides were
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identified that distinguished mutant from wild-type Pls (Figure 4.3b and Supplemental
Figure 4.S03). Intensities of MS spectra corresponding to endogenous NbPot1-
derived peptides were below the detection threshold in all but the NbPot1-
overexpressing samples. In contrast, peptides likely derived from endogenous NbPR4
were detected in all samples, but NoPR4 abundance increased on average 69-fold in
the overexpressing samples when compared to P19 controls. All overexpressed Pls
were among the top 25 % of most abundant proteins in their respective samples

(Supplemental File ES4.03).

4.3.5 Unrelated Pls additively enhance RP accumulation

Since NbPR4, NbPot1, HsTIMP and SICYS8 (Pl families 143, 113, 135 and 125,
respectively) are predicted to target different protease classes (Cys, Ser, Metallo and
Cys proteases, respectively), we tested whether they could act together to enhance
RP accumulation. From an initial screen of all binary combinations between the four
(Supplemental Figure 4.S04), we found that combinations without NbPot1 increased
RP accumulation the most. The triple combination consisting of NbPR4, HsTIMP and
SICYS8 further enhanced accumulation of aGal (Figure 4.4a), EPO (Figure 4.4b) and
VRCO1 (Figure 4.4c) (replicates in Supplemental File ES4.04). Quantification of full-
length VRCO1 bands showed significantly higher VRC01 accumulation upon co-
expression with the triple Pl combination when compared to co-expression with a
single Pl in combination with a mutant Pl (ANOVA p<0.0001, post-hoc p<0.05) (Figure
4.4d). However, RP levels were similarly increased when threefold more bacteria with
Pl-encoding T-DNA were infiltrated (Supplemental Figure 4.S05). The additive effects
seem to be caused by increased Pl levels and not by synergy between Pls, indicating

the effect of each Pl is dose-dependent.
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Figure 4.4: Combinations of NbPR4, HsTIMP and SICYS8 enhance RP
accumulation. Leaves were infiltrated with 1/1 (v/v) mixes of A. tumefaciens strains
carrying plasmids for expression of aGal (a) or EPO (b) and PI or 1/1/1 (v/v) mixes of
A. tumefaciens strains carrying plasmids for expression of VRCO01 heavy chain,
VRCO1 light chain and PI (c). The PI part of the mixture contained three volumes of A.
tumefaciens strains for expression of the indicated Pls, with one part mutant PI (Ala-
HsTIMP) used in lanes 2-4, two parts mutant Pl in lanes 5-7 and three parts Pl-mutant
in lane 8 to replace the missing Pls. Full leaf extracts were harvested at 3 dpi. Proteins
were subjected to reducing (a-b) or non-reducing (c) SDS-PAGE and transferred onto
PVDF membranes. RP accumulation was visualized using the indicated antibodies.
The blots are representative for six biological replicates each (Supplemental File
ES4.04). The top band in all VRCO01 blots was quantified using ImageJ and normalized
to the control (PI-mutant only); average relative intensities are shown in underneath
the blot (+/- stdev, n = 6, ANOVA p<0.0001 with post-hoc Tukey test, p<0.05).
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4.3.6 NbPR4, NbPot1 and HsTIMP differ from SICYSS8 in their effect on
leaf protease activity profiles

To understand how NbPR4, NbPot1 and HSTIMP enhance RP accumulation, we
investigated how these Pls affect activity of N. benthamiana proteases in
agroinfiltrated leaves. We thus characterized extracts harvested at 4 dpi from leaves
transiently overexpressing each (mutant) Pl. We assessed activity of specific protease
families using Activity-based Protein Profiling (ABPP), which is based on the labelling
of proteomes with fluorescent chemical probes that react covalently with the active site
of enzymes in an activity-dependent manner (Morimoto & van der Hoorn, 2016). We
surveyed active Papain-like Cys proteases (PLCPs, family C01), Ser Hydrolases
(SHs) and legumains/Vacuolar Processing Enzymes (VPEs, family C13) using the
activity-based probes MV201 (Richau et al., 2012), FP-TAMRA (Kaschani et al., 2009)
and JOPD1 (Lu et al, 2015), respectively. We have recently shown that
overexpression of SICYS8, but not the SICYS8-Q47P mutant PI, affects PLCP activity
(Jutras et al, manuscript in preparation, see Chapter 5). In contrast, overexpression of
NbPR4, NbPot1, HsTIMP or Ala-HsTIMP does not affect PLCP activity when
compared to the control (Figure 4.5a and Supplemental File ES4.05). This is
remarkable because it was expected that NbPR4 inhibits Cys proteases, like CaPR4c
in pepper (Kim & Hwang, 2015). Activity profiles of both SHs and VPEs are unaffected
by Pl overexpression, even though NbPot1 is annotated as a Ser protease inhibitor
(PI familiy 113). To test specifically whether extracellular proteases were affected by
overexpression of the Pls, we also surveyed extracellular PLCPs, SHs and VPEs
using ABPP in apoplastic fluid isolated from Pl overexpressing leaves. Also there,
SICYS8 overexpression affects activity of extracellular PLCPs when compared to

SICYS8-Q47P overexpression or to the control, as shown previously (Jutras et al,
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manuscript in preparation, see Chapter 5). NbPot1, HsTIMP and Ala-HsTIMP do not
affect extracellular PLCP activity. Also, extracellular SH and VPE activity profiles

remain unchanged upon overexpression of all Pls (Supplemental Figure 4.S06).
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Figure 4.5: Activity-based protein profiling indicates that NboPR4, NbPot1 and
HsTIMP differ from SICYS8 in their mode of action. Activity profiles of Papain-Like
Cys Proteases (PLCPs, a), Ser hydrolases (SHs, b) and Vacuolar Processing
Enzymes (VPEs, c). Leaves were infiltrated with A. tumefaciens harbouring the
indicated PI expression plasmid, mixed 1/1 (v/v) with A. tumefaciens harbouring the
P19 expression plasmid. Leaf extracts (pH 5) were obtained at 4 dpi, adjusted to the
same protein concentration and 48 pul of each sample were pre-incubated with or
without 0.2 mM of inhibitor (E-64, DFP or YVAD) for 30 min and then incubated with
or without the indicated probe for 4 h (MV201, JOPD1) or 1 h (FP) at room
temperature. Labelled proteins were visualized by in-gel fluorescence scanning. Three
additional biological replicates are shown in Supplemental File ES4.05.
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4.3.7 NbPR4, NbPot1 and HsTIMP similarly affect leaf proteomes

We hypothesized that Pl overexpression might affect the accumulation of endogenous
proteins. For instance, inhibited proteases might be degraded, protease substrates
might accumulate or Pls might be sensed by the plant and trigger a response. We thus
also analysed endogenous differentials in the proteomes from leaves overexpressing
the (mutant) Pls, exploring the same dataset used for Figure 4.3 (Supplemental File
ES4.03).

Besides the overexpressed (mutant) Pls and P19, we quantified peptides
corresponding to 3349 endogenous N. benthamiana and A. tumefaciens proteins. Of
these, 3236 (97 %) remained unchanged upon overexpression of any (mutant) Pl
compared to the P19 control, indicating that the (mutant) Pls have rather subtle effects
on the leaf proteome. However, 167 (3.4 %) proteins changed significantly (Student’s
t-test, p<0.05) and more than two-fold in abundance when comparing leaves
overexpressing each (mutant) Pl separately to the control (P19 only) (Supplemental
File ES4.03). Euclidean distance clustering of only these endogenous differential
proteins reveals two subclusters: The samples from leaves overexpressing the Pls
form subcluster A and the controls form subcluster B, consisting of Ala-HsTIMP,
SICYS8 Q47P and P19 samples (Figure 4.6a). Interestingly, the samples from leaves
overexpressing HsTIMP, NbPot1 or NbPR4 cluster together and separately from
SICYS8 overexpressing leaf samples within subcluster A. The effects of both SICYS8
and HsTIMP on the endogenous proteome thus depend on protease inhibitory activity,
and the effect of SICYSS is distinct from the effects of HsTIMP, NbPot1 and NbPR4,

which have very similar effects on the leaf proteome.
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Figure 4.6: NbPR4, NbPot1 and HsTIMP similarly affect leaf proteomes. Label-
free quantitative MS was performed on leaf extracts (4 dpi) from leaves
overexpressing the (mutant) Pls in the presence of P19. a) Complete linkage
clustering was performed using Euclidean distances between samples, based on all
endogenous differential proteins. Endogenous differential proteins are all proteins that
differ significantly (t-test, p<0.05) and >2-fold in abundance between PI
overexpressing and P19 expressing control leaves, but not P19 and (mutant) Pls. b)
Differentials associated with Pl overexpression are endogenous proteins that differ
significantly (t-test, p<0.05) and >2-fold when comparing NbPR4 and NbPot1
expressing leaves to the P19 control and HsTIMP and SICYS8 expressing leaves to
the respective mutant Pl control. Differentials were grouped according to whether they
increased for at least one Pl and never decreased (group I), decreased for at least
one Pl and never increased (group Il) or increased for some, but decreased for other
Pls (group Ill). 3238 endogenous proteins never changed significantly and more than
2-fold in abundance (constant, black). PFAM domains named underneath groups I-ll
are enriched (geometric test, Benjamini-Hochberg adjusted p<0.05) among the
proteins in the respective group, representative PFAMs are shown. The full MS
dataset is in Supplemental File ES4.03.
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We analysed the endogenous differentials that distinguish the effect of SICYS8 from
the effect of other Pls, but their annotations are associated only with general signalling
processes and thus rather inconclusive (Supplemental File ES4.03). More targeted
approaches such as activity-based proteomics or identification of direct interactors
may be needed to resolve how the effect of SICYSS8 differs from the effect of the other
Pls.

To elucidate what distinguishes the Pl-overexpressing leaf samples in subcluster A
from the controls in subcluster B, we determined which proteins changed significantly
(Student’s t-test, p<0.05) and more than two-fold in abundance when comparing
NbPR4 and NbPot1 overexpressing leaves to the P19 control and SICYS8 and
HsTIMP overexpressing leaves to their respective mutant Pl controls (Figure 4.6Db).
We divided the differential proteins into three groups: increased in abundance upon
overexpression of at least one Pl compared to the respective control and not
decreased for another PI (n = 48 proteins, group 1), decreased upon overexpression
of at least one Pl compared to the respective control and not increased for another Pl
(n =62 proteins, group Il) and increased for one/some PI(s), but decreased for other(s)
(n =1 protein, group Ill). Importantly, the Pls have similar effects on the leaf proteome,
as only one protein was differential in opposing directions (group Ill). A nucleotide-
binding, leucine-rich repeat receptor (NLR, Niben101Scf02118g00018) decreased in
abundance upon HsTIMP overexpression when compared to the Ala-HsTIMP, but
increased in abundance for all other Pl/control comparisons.

We analysed the PFAM family annotation of the proteins in groups | and Il as an
indicator for protein function. PFAM families associated with transcription and
translation are enriched among both increasing and decreasing proteins

(hypergeometric test, Benjamin-Hochberg adjusted p<0.01) (Figure 4.6b and
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Supplemental File ES4.03). This includes tRNA synthetases (2 proteins) among the
proteins increasing in abundance and RNA recognition (3 proteins), poly-A binding (2
proteins) and chaperone DNAJ (1 protein) families among the proteins decreasing in
abundance upon Pl overexpression. Most of these proteins have several homologues
within N. benthamiana, which might replace each other. For instance, we detect 59
proteins carrying an RNA recognition motif (PFO0076) domain in leaves, five of which
are differential in either direction for at least one Pl vs control comparison.
Interestingly, domains associated with plant defence are enriched among the proteins
increasing in abundance upon Pl overexpression. This includes Leucine-Rich-Repeat
(LRR) domains that are part of plant immune receptors (3 proteins), cysteine-rich
secretory protein (PR 1, one protein) and gamma thionin (one protein). Gamma
thionins are small, stable plant defense proteins, many of which have antifungal
properties or act as protease inhibitors (Pelegrini & Franco, 2005).

We also identified peptides corresponding to 68 proteins from Agrobacterium, four of
which changed in abundance (Supplemental File ES4.03). Further studies will be

needed to confirm differential accumulation of the endogenous proteins we detected.
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4 .4 Discussion

We tested 29 candidate Pls for enhancing accumulation of three RPs upon co-
expression by agroinfiltration. Of the 29 tested candidate Pls, only four enhance RP
accumulation upon co-expression. The remaining 25 can be regarded negative
controls for overexpression of small secreted proteins that do not affect accumulation
of aGal, EPO or VRCO1. Interestingly, we tested six cystatins (family 125), but only
SICYS8 enhances RP accumulation. Similarly, we tested three Pls of family 113, but
only NbPot1 enhances RP accumulation. Related proteins that do not enhance RP
accumulation can be used in domain swap or mutagenesis experiments to determine
essential sequence and/or structural motifs. In combination with ABPP, this approach
could reveal specifically which proteases or protease subfamilies need to be inhibited

to enhance RP accumulation.

4.4.1 Unrelated protease inhibitors affect unrelated recombinant proteins
in similar ways

The model RPs used in our screen were the lysosomal enzyme a-Galactosidase
(aGal), the small glycohormone erythropoietin (EPO) and VRCO01, an immunoglobulin
G (IgG) type antibody. We chose completely unrelated model RPs (<23% identity
between any two), reasoning they were likely to differ in sensitivity to proteases and
to be degraded by different proteolytic pathways. Surprisingly, the pattern in which Pls
affect RP accumulation is the same for aGal, EPO and VRCO01. HsTIMP and NbPR4
enhance accumulation more than NbPot1, which has a similar effect to SICYS8. Our
data indicate that the degradation processes of unrelated RPs must have something

in common that can be affected by Pls to produce the same outcome for each RP.
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Astonishingly, four unrelated Pls (<13% identical amino acids between any two)
enhance accumulation of aGal, EPO and VRCO1, although the Pls likely target
different proteases. HsTIMP presumably inhibits matrix-metalloproteases and NbPot1
belongs to the 113 family, which targets Ser proteases (Wingfield et al., 1999;
Rawlings, 2016). SICYS8 inhibits PLCPs of the XBCP3, XCP, RD21 and RD19
subfamilies (Jutras et al, manuscript in preparation, see Chapter 5) and NbPR4 likely
targets Cys proteases as well, as it is 86.7% identical to the pepper Cys protease
inhibitor CaPR4c (Kim & Hwang, 2015). However, activity of the PLCPs that are
inhibited by SICYSS8 is not affected by NbPR4, indicating NbPR4 either targets

different Cys proteases or acts in a different way.

4.4.2 Three possible proteolytic mechanisms

Different proteolytic mechanisms of RP degradation can explain how three unrelated

RPs are affected similarly by three unrelated Pls.
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Figure 4.7: RP degradation mechanisms.

The first proteolytic mechanism is that degradation happens stepwise (Figure 4.7a).
An initial cleavage exposes parts of the protein that are then degraded further. This
may be the case for VRCO1, where we detect fragments indicating that an initial
cleavage happens in the hinge region, followed by downstream degradation of the
fragments. None of the Pls cause a shift in the relative abundances of the VRCO01
fragments, indicating that the initial cleavage is not prevented. In accordance with
these results, N-terminal sequencing of antibody fragments revealed that SICYS8 co-
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expression does not prevent initial cleavage of the human IgG H10 (Jutras et al.,
2016). We do not detect fragments of aGal and EPO, indicating that fragments of aGal

and EPO do either not accumulate or lack the myc tag epitope used for detection.

The second proteolytic mechanism is that different proteases act redundantly in RP
degradation (Figure 4.7b). Pls can thus act on different proteases to decrease the pool
of total proteolytic activity. This may be the case, as accumulation of the same RP can
be enhanced by different Pls. In this scenario, one would expect different Pls to have
additive effects when combined and indeed, we detected increased RP accumulation
when co-expressing two or three Pls compared to one Pl and a mutant Pl. However,
we also observed that the effect of Pls on RP levels is dose-dependent. RPs
accumulate more when 1/3 of the agroinfiltration mixture delivers Pl-encoding T-DNA

than when only 1/9 of the mixture delivers Pl-encoding T-DNA.

At the concentrations we used, we expect Agrobacteria to transform virtually all cells
in the infiltrated zone (Castilho et al., 2014; Buyel et al., 2015a). Expression under a
35S promoter should then produce Pls in every cell. Two mechanisms can explain
why we still observe a concentration-dependent effect of Pls on RP levels. First, genes
on extrachromosomal T-DNA are expressed in planta (Mysore et al., 2000; Singer et
al., 2012). Delivery of more T-DNAs may therefore increase Pl expression further even
if all cells in the infiltrated area are transformed already. Second, the
transcription/translation machinery in agroinfiltrated leaves may be running at full
capacity and co-expression of additional proteins may therefore divert resources away

from RP and Pl expression.

The third proteolytic mechanism is that protease activity is dynamic, so that inhibition

can be compensated (Figure 4.7c). Plants may sense the lack of protein turnover upon
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protease inhibition and upregulate proteases to ensure cellular debris and protease-
inhibitor complexes are appropriately recycled. Increased protease transcription upon
inhibition is seen for instance for proteasome subunits, which show increased
transcript levels in the presence of the inhibitor syringolin A (Michel et al., 2006).
Proteasome subunit protein abundance remains constant, indicating that
transcriptional upregulation compensates for degradation of inhibited subunits (Svozil
et al., 2014). We found that protease abundance does not increase in proteomes of PI
overexpressing leaves, indicating there may be increased turnover of inhibited
proteases. To test whether protease transcription increases upon Pl overexpression,
transcriptomes of Pl overexpressing leaves could be analysed. Protease activity may
also be compensated by post-translational activation of a non-target protease, which
then compensates for the inhibited PI targets. The proteases we monitored here
(PLCPs, SHs and VPEs) do not show increased activity, but the compensatory
proteases could also be aspartic and metalloproteases or other protease activities that
are not displayed under the tested conditions. As a broader approach, N-terminal
proteomics (e.g. TAILS, COFRADIC) could reveal neo-N-termini of activated
proteases, whereas gel-based proteomics (PROTOMAP) could be used to detect
shifts in the size of proteases upon release of inhibitory prodomains (Dix et al., 2008;

Huesgen & Overall, 2012).

4.4.3 Protease inhibitor overexpression may trigger plant immunity

The three new Pls that enhance RP accumulation have small and remarkably similar
effects on the leaf proteome when compared to mutant Pls and controls. PFAM
families enriched among the proteins that change in abundance upon PI

overexpression are associated with increased abundance of immune signalling
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components. Protease inhibition thus seems to not only prevent RP degradation, but
also trigger plant immunity. Immune responses triggered by perception of
Agrobacterium cold shock protein limit T-DNA delivery in flowering N. benthamiana
(Saur et al., 2016), highlighting the impact of plant immunity on the performance of the
agroinfiltration expression platform. Investigating how the interaction between N.
benthamiana and A. tumefaciens is altered by Pl overexpression and whether this also
affects T-DNA delivery or RP expression rates will be an interesting topic for further

studies.

4.4.4 Pls are tools to unravel the proteolytic network degrading RPs

As RP degradation in agroinfiltrated leaves is at least partially independent of RP
sequence and structure, unravelling the underlying proteolytic network will be highly
valuable. Pls can be instrumental to understand degradation or processing when
proteases act redundantly. For instance, the peptide hormone IDA (Inflorescence
Deficient in Abscission) is processed by several subtilases that act redundantly
(Schardon et al., 2016). A role for subtilases was found upon overexpression of the
Kazal-like Ser protease inhibitor EPI10 from Phytophthora infestans, which targets
subtilases and prevents abscission in Arabidopsis. Abscission can be restored in
EPI110 overexpressing plants by supplying mature IDA peptide and indeed, multiple
target subtilases of EPI10 can process IDA in vitro (Schardon et al., 2016).
Analogously, target proteases of NbPot1, NbPR4 and HsTIMP are implicated in RP
degradation. We recently identified nine PLCPs targeted by SICYS8 using activity-
based proteomics (see Chapter 5). For Pls that do not deplete activities that we can
detect in ABPP, immunoprecipitation of Pls from leaf extracts may reveal co-purifying

target proteases. We have performed preliminary experiments with N- and C-terminal
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tags, but these disrupted the RP accumulation enhancing function of the Pls. NbPR4,
NbPot1 and HsTIMP thus likely require intact termini for inhibitory activity. Specific
antibodies raised against the plant-produced Pls or immobilisation of purified Pls may

facilitate future immunoprecipitation experiments.

4.4 .5 Conclusions

Our data indicate that RPs are degraded by a dynamic protease network, where
different proteases act redundantly and/or compensatory. NbPR4, NbPot1 and
HsTIMP can be used to unravel the N. benthamiana protease network. Importantly, Pl
co-expression substantially increases accumulation of three unrelated RPs,
suggesting NbPR4, NbPot1 and HsTIMP may increase the levels of a broad variety of
RPs in industrial molecular farming. We thus discovered novel tools to improve the

general productivity of the agroinfiltration expression platform.
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4.5 Material and Methods

All chemicals and oligonucleotides were obtained from Sigma (Sigma-Aldrich, St.

Louis, US) unless specified otherwise.

Cloning of inhibitor and RP expression plasmids: The MoClo plant parts kit (Engler
et al., 2014) was used for cloning and all vectors are from this kit unless specified
otherwise. Primer sequences and plasmid names are in Supplemental Tables
4.501-2. The sequence encoding NbPR4 was amplified from N. benthamiana genomic
DNA using primers #001 (including the native SP) or #005 (without the native SP) and
#003 and cloned into pLOV-SC-41308 (including the native SP) or pLOV-C-41264
(without the native SP), respectively. The sequence encoding HsTIMP was codon-
optimized for in planta expression (Supplemental Table 4.S03), synthesized as a
GeneString (Thermo Fisher Inc, Waltham, US) and cloned into pLOV-C-41264 (without
the native SP). The sequence encoding NbPot1 was amplified from N. benthamiana
genomic DNA using primers #074 and #075 and cloned into pLOV-C-41264. Other

[{P )

inhibitors were cloned analogously; oligonucleotides designated as “s” (sense) or “as”
(antisense), respectively, were annealed according to the manufacturer’s instructions
and added to the golden gate reaction; where primers are designated “p1”, “p2” etc,
inhibitors were cloned in multiple parts to domesticate the sequences. Each inhibitor
level 0 module was then combined with pLOM-PU-35S-TMV-3-51288, pLOM-S-
NtPR1a SP (X06361) PIV2 (pJK002, which was a gift from Jiorgos Kourelis, PR1
signal peptide from Nicotiana tabaccum), pLOM-T-35S-1-41414 and pL1VB-F-
pAGM4723 in a Bsal reaction to obtain the expression plasmids pFGHO008 (NbPR4),
pFGHO053 (NbPot1) and pFGHO047 (HsTIMP). All other Pls were cloned analogously,

with the exceptions of SFTI1, which retained its native signal peptide as this may be

required for correct processing and folding into the rigid structure that defines this PI
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(Luckett et al., 1999), and NbK1-3, which were cloned into pLOV-C1-15457 (without
SP, for N- and C-terminal tagging) and combined pFGHO074 (generated from pLOM-
C2-FLAG-15198 by adding TACCCATACGATGTTCCAGATTACGCT) to clone them
with a C-terminal FLAG-HA tag. The sequences of VRCO1 heavy chain (HC) and light
chain (LC), codon-optimized for plant expression, were amplified from plasmids kindly
provided by Julian Ma (St. George’s, University of London) (Teh et al., 2014) and
cloned into pLOV-SC-41308 (including the native SP). Each level 0 module was then
combined with pLOM-PU-35S-TMV-3-51288, pLOM-T-35S-1-41414 and pL1VB-F-
pAGM4723 in a Bsal reaction to obtain the expression plasmids pLM15 (VRCO01 LC)
and pLM16 (VRCO1 HC). The sequences encoding EPO and aGal were codon-
optimized for in planta expression (Supplemental Table 4.S03), synthesized as
GeneStrings (Thermo Fisher Inc, Waltham, US) and cloned into pLOV-C1-15457. The
aGal and EPO level 0 modules were combined with pLOM-P-2x35S-45089, pLMO7
(pPLOM-U-TMV/NtPR1a, generated from pLOM-U-TMV-1-41402 by insertion of the
NtPR1SP), pLOM-S-6xHis-15258 for aGal or pLM09 (pLOM-S-Strepll, generated by
inserting TGGTCACATCCTCAATTTGAAAAG into pLOV-S-41258) for EPO, pLOM-
C2-3xMyc-15212, pLOM-T-35S-1-41414 and pL1VB-F-pAGM4723 in a Bsal reaction

to obtain the expression plasmids pLM25 (EPO) and pLM34 (aGal).

Plasmids were transformed into E. coli for amplification, purified, sequenced and
transformed into Agrobacterium GV3101-pMP90. Agrobacterium GV3101-pMP90
were cultured on plates of LB medium (10 g/L NaCl, 10 g/L Tryptone, 5 g/L yeast
extract, 15 g/L agar) containing 25 yM Rifampicin, 50 yM Gentamycin and 50 yM
Kanamycin to select for transformants. A single colony was picked and cultured in
liquid LB medium (10 g/L NaCl, 10 g/L Tryptone, 5 g/L yeast extract) containing 25 uM

Rifampicin, 50 yM Gentamycin and 50 yM Kanamycin. Glycerol stocks were prepared
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by mixing this culture 1/1 (v/v) with 50 % glycerol in water, flash-freezing in liquid
nitrogen and storing at -80 °C. For each agroinfiltration experiment, a 160 uL aliquot

of glycerol stock was thawed and inoculated into fresh LB.

Agroinfiltration procedure: N. benthamiana plants were grown at 21 °C under a 16/8
h light/dark regime in a growth room. Agrobacterium GV3101-pMP90 (WT),
Agrobacterium GV3101-pMP90 carrying a P19-encoding plasmid (pJK050, which was
a gift from Jiorgos Kourelis (Addgene plasmid # 101751), P19 from tomato bushy stunt
virus) or Agrobacterium GV3101-pMP90 carrying EPO, aGal, VRCO01 or inhibitor
encoding plasmids were grown for 21h at 28 °C with agitation in LB containing 25 yM
Rifampicin and 50 yM Gentamycin (for WT) plus 50 yuM Kanamycin (for A. tumefaciens
harbouring plasmids). Bacteria were collected by centrifugation at 2000 g for 5 min at
room temperature (RT), resuspended in infiltration buffer (10 mM 2-(N-morpholino)
ethanesulfone (MES), 10 mM MgCl2, pH 5.7, 100 uM acetosyringone) to ODeoo = 0.5
(ODe0o = 1 for aGal) and left for 2 h at 28 °C with agitation to recover. For co-expression
experiments, A. ftumefaciens suspensions were mixed in the appropriate ratios
(described in Figure 4.legends). The first and second fully expanded leaves of pre-
flowering N. benthamiana (4-5 weeks old) were infiltrated with the bacteria suspension
using a syringe without a needle. For comparison, different A. tumefaciens suspension

mixes were infiltrated into different sectors of the same leaf.

Protein extraction and detection by Western Blot: Leaf extracts were prepared at
three days post infiltration (dpi), unless specified otherwise. Four leaf discs (22 mg
each) from four individual plants were combined per sample, flash-frozen in liquid
Nitrogen and pulverized in a TissuelLyser ball mill (Qiagen, Hilden, DE). The tissue
powder was mixed with 3/1 (v/fresh weight) cold Phosphate Buffered Saline (PBS, 10
mM PO43", 137 mM NaCl, 2.7 mM KCI, pH 7.4) and centrifuged for 10 min at 16.000
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g and 4 °C. The supernatant was mixed with 4x gel loading buffer (200 mM Tris-HCI
(pH 6.8), 400 mM DTT, 8% SDS, 0.4% bromophenol blue, 40% glycerol), heated for
5 min at 95 °C and separated on Bis-Tris gels at 100 V. Proteins were then transferred
to a PVDF membrane using the TransBlot Turbo system (Biorad, Hercules, US). The
membrane was blocked in 5 % milk in TBS (50 mM Tris-ClI, pH 7.6; 150 mM NacCl) for
1 h at room temperature (RT), incubated in 1/5000 anti-myc-HRP (ab1326, Abcam,
Cambridge, UK) for detection of aGal and EPO or in 1/2000 anti-kappa-HRP (Sigma
A7164) or 1/2000 anti-gamma-HRP (Sigma A6029) for detection of VRCO01 over night
at 4 °C and washed in TBST (0.005 % Tween-20) prior to detection with Clarity ECL

substrate (BioRad).

Protein extraction for ABPP/mass spectrometry: Leaf extracts were prepared at
four days post infiltration (dpi), to allow for maximum protein accumulation in the
presence of the p19 silencing suppressor. Infiltrated tissue from three or four individual
plants was combined per sample, weighed, flash-frozen in liquid Nitrogen and
pulverized using pestle and mortar. The tissue powder was mixed with 3/1 (v/fresh
weight) cold 500 mM NaAc, pH 5, 500 mM DTT and centrifuged for 45 min at 3500 g
and 4 °C. Protein concentrations were determined using a linearized Bradford assay

(Ernst & Zor, 2010).

Apoplastic fluid (AF) extraction: Six N. benthamiana leaves per sample were
detached and vacuume-infiltrated with ice-cold water, dried on the surface and placed
in a syringe without needle and plunger that was inserted in a 50 mL falcon tube. AF

was collected by centrifugation at 2000 g, 4°C for 25 min and used immediately.

ABPP: Leaf extracts made in or apoplastic fluid adjusted to 500 mM NaAc, pH 5,

5mM DTT were used for labelling. Samples of 48 ul were pre-incubated with or
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without 0.2 mM of inhibitor (E-64, DFP or YVAD) for 30 min and then incubated with
or without the indicated probe for 4 h (MV201, JOPD1) or 1 h (FP) at room
temperature. FP was obtained from Thermo (88318), MV201 and JOPD1 were
synthesized as described (Richau et al., 2012; Lu et al., 2015). ABPP reactions were
terminated by adding 1 mL cold acetone. Samples were centrifuged for 3 min at 16000
g, the supernatant discarded and the proteins resuspended in 2 x gel loading buffer
(100 mM Tris-HCI (pH 6.8), 200 mM DTT, 4% SDS, 0.02% bromophenol blue, 25%
glycerol), heated for 5 min at 95 °C and separated on Bis-Tris gels at 100 V.
Fluorescence scanning was performed on a Typhoon scanner (Amersham/GE

Healthcare, Little Chalfont, UK), using Cy3 settings.

Mass spectrometry: see Supplemental File 4.ES06.

Bioinformatics tools for leaf proteome analysis: Peptide spectra were annotated
using Andromeda (Cox et al, 2011). Included modifications were
carbamidomethylation (static) and oxidation, N-terminal acetylation and carbamylation
of Lysines and N-termini (dynamic). Protein quantification was performed using
MaxQuant version 1.5.5.30 (Tyanova et al., 2016a), including all modifications.
Filtering and imputation of missing values using default settings were performed in
Perseus (Tyanova et al., 2016b) and further data analysis carried out in R using the
data.table and ggplot packages (Wickham, 2009; Dowle et al., 2014; R Core Team,
2015). Western blots were quantified using imagedJ (Schneider et al., 2012), ANOVA

and post-hoc tests were carried out in R using the Rcommander package (Fox, 2005).

Other databases and tools: We selected Pls whose corresponding transcripts were
depleted upon interaction with A. tumefaciens using the NCBI GEO database (Barrett

et al., 2013), specifically the accessions GSE4116 (Ditt et al., 2006), GSE14106 (Lee
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et al., 2009), GSE48402 (Lang et al., 2016) and GSE62751, all of which represent
Arabidopsis microarrays. For each depleted transcript, we selected the most similar
N. benthamiana transcript (Bombarely et al., 2012) using BLAST (Altschul et al., 1990)
and identified Pls using the N. benthamiana Pl sequences in the MEROPS database
(Rawlings, 2016). Sequence analyses and plasmid design were performed in

Geneious (Kearse et al., 2012).
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4.7 Supplementary information

Supplemental figures
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Figure 4.S01: dilution series to quantify the increase in RP accumulation upon
Pl co-expression. Leaves were infiltrated with 1/1 (v/v) mixes of A. tumefaciens
strains carrying plasmids for expression of aGal (a) or EPO (b) and Pl or 1/1/1 (v/v)
mixes of A. tumefaciens strains carrying plasmids for expression of VRCO1 heavy
chain, VRCO1 light chain and PI (c). Full leaf extracts were harvested at 3 dpi and
diluted in leaf extract from non-infiltrated leaves. Proteins were subjected to reducing
(a-b) or non-reducing (c) SDS-PAGE and transferred onto PVDF membranes. aGal
(a) or EPO (b) and VRCO1 (c) accumulation was visualized using the indicated
antibodies. Bands were quantified using ImageJ and normalized to the mutant Pl (Ala-
HsTIMP) co-expressing control; relative intensities are shown underneath the blots.
The numbers for approximate fold increase in RP accumulation are obtained from the
data point closest to the control in raw intensity.
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Figure 4.S02: The mutant Pl Ala-HsTIMP does not enhance VRC01 accumulation.
Leaves were infiltrated with 1/1/1 (v/v) mixes of A. tumefaciens strains carrying
plasmids for expression of VRCO01 heavy chain, VRCO01 light chain and PI. Full leaf
extracts were harvested at 3 dpi. Proteins were subjected to non-reducing SDS-PAGE
and transferred onto PVDF membranes. VRCO01 accumulation was visualized using
an anti-light chain antibody. The blots show three biological replicates.

0
NtPR1SP-TIMP2 HGTVLES QLPSFLL

NtPR1SP-SICYS8-047P MGIVLFS(LPSFLLUSTLLLELVISHSCR AG Gl PGG I THVPFPNL PUFEDLARTAV.
[ _MPRia
4

NtPR1SP-SICYSE

NtPR1SP-NBPoti

NPR1SP-Ala-TIMP2 mreneizerss U ENOT 1 G0 AT AC IYR.5 DG 5C AWTRG AR EBIE

[ &

D 4

MtPR1aSP-NLPR4

Figure 4.S03: peptides corresponding to Pls and Pl mutants were identified by
mass spectrometry. Inhibitor-derived peptides (blue) detected by MS in extracts (4
dpi) from agroinfiltrated leaves expressing (mutant) Pls in the presence of P19.
Peptides are mapped to the inhibitor sequences which carry the NtPR1 signal peptide
(red). For HSTIMP and SICYSS8, peptides that are specific to the intact or mutant
inhibitor, respectively, are labelled “specific”.
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Figure 4.S04: Screen of all binary combinations between NbPR4, NbPot1,
HsTIMP and SICYS8. Leaves were infiltrated with 1/1 (v/v) mixes of A. tumefaciens
strains carrying plasmids for expression of aGal (a) or EPO (b) and Pl or 1/1/1 (v/v)
mixes of A. tumefaciens strains carrying plasmids for expression of VRCO1 heavy
chain, VRCO1 light chain and PI (c). The PI part of the mixture contained two volumes
of A. tumefaciens strains for expression of the indicated Pls, with one part Ala-HsTIMP
used in lanes 1, 5, 8 and 10 (purple) and two parts Ala-HsTIMP in lane 11 to replace
the missing Pls. Full leaf extracts were harvested at 3 dpi. Proteins were subjected to
reducing (a-b) or non-reducing (c) SDS-PAGE and transferred onto PVDF
membranes. aGal (a) or EPO (b) and VRCO01 (c) accumulation was visualized using

the indicated antibodies.
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Figure 4.505: The effect of NbPR4, HsTIMP and SICYS8 on RP accumulation is
dose dependent. Leaves were infiltrated with 1/1 (v/v) mixes of A. tumefaciens strains
carrying plasmids for expression of aGal (a) or EPO (b) and PI or 1/1/1 (v/v) mixes of
A. tumefaciens strains carrying plasmids for expression of VRCO01 heavy chain,
VRCO1 light chain and PI (c). The PI part of the mixture contained three volumes of A.
tumefaciens strains for expression of the indicated Pls, with two parts Ala-HsTIMP
used in lanes 1-3 (purple) and three parts Ala-HsTIMP in lane 8 to replace the missing
Pls. Full leaf extracts were harvested at 3 dpi. Proteins were subjected to reducing (a-
b) or non-reducing (c) SDS-PAGE and transferred onto PVDF membranes. aGal (a)
or EPO (b) and VRCO1 (c) accumulation was visualized using the indicated antibodies.
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b)

c)

Figure 4.S06: Activity-based profiling of extracellular proteases. Activity profiles
of Papain-Like Cys Proteases (PLCPs, a), Ser hydrolases (SHs, b) and Vacuolar
Leaves were infiltrated with A. tfumefaciens
harbouring the indicated protease Pl expression plasmid, mixed 1/1 (v/v) with A.
tumefaciens harbouring the P19 expression plasmid. Apoplastic fluids were obtained
at 4 dpi, adjusted to pH 5 (600 mM NaAc, 5 mM DTT) and 196 ul (a) or 48 ul (b, c) of
each sample were pre-incubated with or without 0.2 mM of inhibitor (E-64, DFP or
YVAD) for 30 min and then incubated with or without the indicated probe for 4 h
(MV201, JOPD1) or 1 h (FP) at room temperature. Labelled proteins were visualized

Processing Enzymes (VPEs, c).
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Table 4.S01: Plasmids

Golden Gate modules (for cloning)

plasmid name (C: contains CDS to be combined with NtPR1 signal
internal lab peptide, SC: contains CDS to be used without extra signal peptide,
number C1: contains CDS to be used with C-terminal tag)
pFGHO002 pLOM-SC-NbPR4 _nativeSP
pFGHO003 PLOM-C-NbPR4_noSP
pFGHO005 pLOM-C-SICDI
pFGHO011 pLOM-C-BSZx
pFGHO015 pLOM-C-NbPotll
pFGHO016 pLOM-SC-Nb_ubi_native
pFGHO018 pLOM-SC-Nb_ubi_K48R
pFGHO019 pLOM-SC-SFTI1
pFGHO021 pLOM-C-HsTIMP
pFGH022 pLOM-C-EPI1
pFGH023 pLOM-C-EPI12
pFGHO025 pLOM-C-EPIC1.4
pFGHO029 pL-1M-AtMac_A
pFGHO030 pL-1M-AtMac_B
pFGHO031 pL-1M-AtMac_C
pFGHO032 pL-1M-AtMac_D
pFGH036 PIOM-C-MER411712
pFGHO038 pLOM-C-MER411950
pFGHO039 pLOM-C-MER412033
pFGH040 pLOM-C-NbPot1
pFGHO041 pLOM-C-SICYS8
pFGH043 pLOM-C-AtSerPI
pFGHO044 pLOM-C-AtMac
pFGHO063 pLOM-C-LB_NbCYS1
pFGHO65A pLOM-C-MER411832_cDNA
pFGHO067 pLOM-C-NbHvCYS6_gDNA
pFGHO073 pLOM-SC-NbHvVCYS6_gDNA
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pFGH151

pLOM-C1-Niben101Scf04078g00002-NbK1

pFGH152 pLOM-C1-Niben101Scf06424XLOC_064533-NbK2
pFGH153 pLOM-C1-Niben101Scf06424XLOC_064534-NbK3
pLMO007 pLOM-U-TMV/NtPR1a

pLMO009 pLOM-S-Strepll

pLMO003 pLOM-SC-nVRCO1 LC

pLM004 pLOM-SC-nVRCO01 HC

pLM018 pLOM-C1-hEPO

pLM028 pLOM-C1-aGal

pFGHO047 pLOM-C2-flagHA

Binary vectors (for in planta expression by agroinfiltration)

plasmid name

internal lab (all with 35S promoter, 35S terminator and NtPR1SP unless specified
number otherwise)

pFGHO007 pL1MB-F-NbPR4_nativeSP
pFGHO008 pL1MB-F-NbPR4
pFGH010 pL1MB-F-SICDI

pFGHO045 pL1MB-F-BSZx

pFGH046 pL1MB-F-NbPotll
pFGH047 pL1MB-F-HsTIMP
pFGH048 pL1MB-F-EPI1

pFGH049 pL1MB-F-EPI12

pFGHO050 pL1MB-F-MER411712
pFGHO051 pL1MB-F-MER411950
pFGH052 pL1MB-F-MER412033
pFGHO053 pL1MB-F-NbPot1
pFGH054 pL1MB-F-SICYS8
pFGHO056 pL1MB-F-AtSerPI
pFGHO057 pL1MB-F-AtMac

pFGHO058 pL1MB-F-Nb_ubi_native
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pFGH059 pL1MB-F-Nb_ubi_K48R
pFGHO060 pL1MB-F-SFTI1

pFGH109 pL1MB-F-LB_NbCYS1
pFGH110 pL1MB-F-MER412218
pFGH111 pL1MB-F-MER411832
pFGH114 pL1MB-F-NbHvCYS6_nativeSP
pFGH156 pL1MB-F-NtPR1-NbK1-flagHA
pFGH157 pL1MB-F-NtPR1-NbK2-flagHA
pFGH158 pL1MB-F-NtPR1-NbK3-flagHA
pFGH203 pL1MB-F-Ala-HsTIMP
pFGH214 pL1MB-F-SICYS8-Q47P
pLM025 pL1MB-F-Strep-EPO-myc
pLMO034 pL1MB-F-His-aGal-myc
pLMO015 pL1MB-F-VRCO01-LC-nativeSP
pLMO016 pL1MB-F-VRC01-HC-nativeSP

Table 4.S02: Primers

Name Sequence (Bpil site; Bsal site)
#001#NbPR4_n | TTGAAGACAAAATGGAGAGAGTAAATAATTACTATAAG
atSP_FW

#003#NbPR4_R
EV

TTGAAGACAAAAGCTTAGTCATCGCAGTTGATAAATTCATAG

#005#NbPR4_n
oSP_FW

TTGAAGACAAAGGTCAGAGCGCTACAAACGTGAG

#074#NbPot1_R
EV

TTGAAGACAAAAGCTTAACCCACTGTGGGAGTAATTATAACG

#075#NbPot1_F
W

TTGAAGACAAAGGTAAGCATTTATGGCCTGAACTTGTGG

#010#SICDI_CD
S nosP FW

TTGAAGACAAAGGTTCAAGTTTCACTTCCCAAAATCC

#011#SICDI_CD
S_REV

TTGAAGACAAAAGCTCAGACTTTCTTGAAGTAGACC

#012#SICYS8_8
d_Fw

TTGAAGACAAAGGTAATCCTGGGGGCATTACCAATGTTCCA

#015#SICYS8_8
d_REV

TTGAAGACAAAAGCTCACTTAGTGGCATCACCAACAAGC

#O19#TIMP2
optimized_no
signalP_FW

TTGAAGACAAAGGTTGTTCTTGCTCTCCTGTTCATCC
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#020#TIMP2
optimized_no
signalP_REV

TTGAAGACAAAAGCCTAAGGATCCTCGATATC

#023#Nb-Pot2 -
FW

TTGAAGACAAAGGTCCAAAGCCATGTCCTCGGAATTGTG

#024#Nb-Pot2 -
REV

TTGAAGACAAAAGCTTATCCTTCACAAACAAAAGTTCCATCATCAC

#025#Ubi_part1
FW

TTGAAGACAAAATGCAGATTTTTGTCAAGACTTTG

#026#UbiK48R_ | TTGAAGACAAGACGGCCAGCAAAGATCAGCC
part1 REV
#027#UbiK48R_ | TTGAAGACAACGTCAGTTGGAAGATGGTCG
part2_FW

#028#Ubi_part2
REV

TTGAAGACAAAAGCTTAGAAACCACCACGTAGACGG

#029#Cip1_REV

TTGAAGACAAAAGCTCAGTTCACCGTGATTGC

#030#Cip1_FW

TTGAAGACAAAGGTCAAACGCCCAAGAACATCG

#O37#EPIC1 TTGAAGACAAAGGTCAAGTGGACGGCGGATACTCGAAGAAGG
CDS_FW
#038#EPIC1 TTGAAGACAAAAGCCTACTTAACTGGGGTAATCGACGTCACC
CDS_REV
#041#A.t_macro | TTGGTCTCAACAAAGGAACCATTGCGTGGCGC

cl1_REV

#042#A.t_macro
cl1_FW

TTGGTCTCACCGTGGAAGAGCCACTGGAAAAGC

#043#A.t_macro
cl2 REV

TTGGTCTCAACAACATCGCCTGCTTCGCGCCATCG

#044#A.t_macro
cl2_ FW

TTGGTCTCACTGCCATCAGCGAAAAGAGTTTCCTCG

#045#A.t_macro
cl3_ REV

TTGGTCTCAACAAAAGCTCATGGGGTTGCCGAACG

#046#A.t_macro
cl3_ FW

TTGGTCTCAACATTCGCGGTCAACGTCACG

#O04THEPIN10_F
w

TTGAAGACAAAGGTGATGATAATTGCTCTTTCGG

#048#EPI10_RE
Vv

TTGAAGACAAAAGCCTACAGCTTCTGCTGTTGC

#054#SICYS8_n
p1 REV

TTGAAGACAATTCTCTTTCTTATTATAATCTTGAACAGC

#055#SICYS8 n
p2_FW

TTGAAGACAAAGAATGCTCATTTGGAG

#056#AtSerPIl_p
1 FW

TTGAAGACAAAGGTGACTCCACGCTGTCCGTGAAAATCG

#O57#AtSerPIl_p
1 REV

TTGAAGACAAGGCACGAGTCCCTCGCTTTCTGC

#058#AtSerPIl_p
2 FW

TTGAAGACAATGCCGGGCGGTAAGCCGGTCG

#059#AtSerPI_p
2 REV

TTGAAGACAACCAGTGAACGGCCCGGAAAGG

#060#AtSerPIl_p
3 FW

TTGAAGACAACTGGCGAGGACGTGAAAAAATCC

#061#AtSerPI_p
3 _REV

TTGAAGACAAAAGCCTAGTTCGGCGTGGCGG

149




#064#MER4117
12_FW

TTGAAGACAAAGGTAGAAAAGTTGGGGGAAGAACTCC

#064B#MER411 | TTGAAGACAAAAGCTTATCCATCAGTCTTTTGGAATTTCCTAAAGA
2825#RMEEV R4117 'I(;TGAAGACAAAAGCCTAAACTTCTGCACAATTATCCAATATTTTTC
;g6§§l\\/ll ER4119 gG GTTCATCTTTCACTTCCACCAATCCCATTGTCCTTCCCACCACT
ggGEé#TVIERM 1 /'?"'I(;GAAGACAAAGGTTCATCTTTCACTTCCACCAATCC
zggGZXAVE R4119 | ATCAGTAGTGGTGGGAAGGACAATGGGATTGGTGGAAGTGAAAG
50 p1 as ATGA
#067#MER4119 | TTGAAGACAAAAGCTTATCCATCAGTCTTTTGGAATTTCCTAAAGA
286S§MITEIIE?\21 19 'I(?TGAAGACAATGATGATGACAAGGGACTCCCTATCC
2878§K/|FEV¥<4122 TTGAAGACAAAGGTATGGTAACTTGCACCCCTGATACTCC
;371F¥¢Y\AER4122 TTGAAGACAAAAGCTTAGAAAGCAGATTCATGCATGATCATGC
;872R;EI\\/I/ER4122 TTGAAGACAACTAGTGTTCTGTCCCTATGGAGAGAATTTTACTTGC
;372§MFEV¥{4122 TTGAAGACAACTAGCTTATACGTTGAGCCACCAAGTGAC
;87Z;K/|F|{5ER\£1 22 | ITTGAAGACAAAAGCTTAACCCACTGTGGGAGTAATTATAACG
237?5|\\/|/ER4122 TTGAAGACAAAGGTAAGCATTTATGGCCTGAACTTGTGG
2375%5%120 TTGAAGACAAAAGCTCAGCGAACAATAGGTACGAGAG
287$§l\\/llER4120 TTGAAGACAAAGGTAGTTCTCCGTGTACGGTTCAGG
28724\{\1b030ys TTGAAGACAAAGGTATGAGCAGTGATGGTGG
#g%#NbOsCys TTGAAGACAAAAGCCTAAGCGTTAGCAGAAGC
ngsE 1\;/¢|1v| ERRE4 \; 22 | ITGAAGACAACAGAACACTAGCTTATACGTTGAGCCACC

np

#083#412218 n
p2_s

TTGAAGACAATCTGTCCCTATGGAGAGAATTTTACTTGCCAAAATG
TTGGCAGTGCCGAGGAAAATAGATATAATCGTTTGGTTCTCGCAG
ATTGTCTTCAA

#084#412218_n
p2_as

TTGAAGACAATCTGCGAGAACCAAACGATTATATCTATTTTCCTCG
GCACTGCCAACATTTTGGCAAGTAAAATTCTCTCCATAGGGACAG
ATTGTCTTCAA

#085#412218 n
p3_s

TTGAAGACAACAGAGAATGCAAAGGCCTTTGTGTTCATAAAAGCG
TGGTGGAATTGGAAAGGCCGAAGCATGATCATGCATGAATCTGCT
TTCTAAGCTTTTGTCTTCAA

#086#412218_n
p3_as

TTGAAGACAAAAGCTTAGAAAGCAGATTCATGCATGATCATGCTTC
GGCCTTTCCAATTCCACCACGCTTTTATGAACACAAAGGCCTTTG
CATTCTCTGTTGTCTTCAA

#087#LeosNbCy
s1 CSC_REV

TTGAAGACAAAAGCTTAGGAGTGGTCAGGCTCCATATGGTTCAG

#088#LeosNbCy
s1_ SC FW

TTGAAGACAAAATGAGAGTATCTCGAAACGCCACACTGC
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#088b#LBNbCy
s1 C FW

TTGAAGACAAAGGTTTAAGCGAAACCGGAGGAGGATTTTGC

#089#412206_p
1_REV

TTGAAGACAAACAGGCGGGCCAAGATCGTTTACG

#090#MER4122 | ITTGAAGACAAAGGTGCAAGGAATATAGAGCCCCTAGTAGTAGGGA
06 p1 SCFW |G

#091#412206 | ITGAAGACAACTGTCGCCGCCGTGTTCTTCAATGCACAACGAGAG
p2_s ACAGCCGCCAGGAGGCGCTAGGCTTTTGTCTTCAA
#092#412206 | ITGAAGACAAAAGCCTAGCGCCTCCTGGCGGCTGTCTCTCGTTGT
p2_as GCATTGAAGAACACGGCGGCGACAGTTGTCTTCAA
#112#411832_c | IIGAAGACAAAGGTCAATCCAGTTGCCCAGGAGTG

DNA C_FW

#113#NbHVCYS | ITTGAAGACAAAATGGCTCTCAAATTTAATTCC

6_SC_FW

#114#NbHVCYS | TTGAAGACAAAGGTACCGTTCTCTTCCATGTC

6 _C_FW

#1154NbHVCYS | TTGAAGACAAAAGCTTAAGCAAAAAGACAATTTTGTCC
6_CSC_REV

#121#SFTI1_opt | ITIGAAGACAAAATGGCTACCACCATGGCTAAGC

_SC1_FW

#122#SFTI1_opt | IIGAAGACAACACCAGGCCTACCATCAGGGAAGCAGATAGGAGG
SC1_K5toA_R | GATAGACGCGGTACACCTACCAT

EV

#123#SFT11_opt | IIGAAGACAACACCAGGCCTACCATCAGGGAAGC

SC1_REV

#1488-K1p1F

TTGAAGACAAAGGTGTACCCAATCCCTCAAGG

#149%-K1p1R

TTGAAGACAAAGACCCACTTGTACTTTGTCG

#1504-K1p2F

TTGAAGACAAGTCTGAACTATTTCGTTCTACC

#151#-K1p2R

TTGAAGACAACACCGAAAGTTTTCTTGAACATAACC

#152#-K2F

TTGAAGACAAAGGTCAAGATGTTCCTGAACCGGTGC

#153#-K2R

TTGAAGACAACACCGATCTTGTGAAATGTAACTTTCAAAGG

#154#-K3p1F

TTGAAGACAAAGGTGAACCAGTTCTTGATACTAATAAAC

#155#-K3p1R

TTGAAGACAATGTCCTCATTTTCGTCAATTACTAGC

#156#-K3p2F

TTGAAGACAAGACATAAATATAAAATTTGCAGCACC

#157#-K3p2R

TTGAAGACAACACCAACCTTCTTGAACACAATCTTG

NbSRP-LRA-FW

TTGAAGACAAAGGTATGGACCTTCAAGAATCAATCAGC

NbSRP-LRA- TTGAAGACAACACCGTCTACTAGAGGATTTTGCACGC
Egg RP-TMS- TTGAAGACAAAGGTATGGATCTCAGGGAGTCAATCTAC
IEIL-g I\évP-TMS- TTGAAGACAATGTTTTCGTTTTAGCCCACTG

IEIL-g F\I’EI:’/-TMS- TTGAAGACAAAACAAATGATCTCATCGAAG

lrilzb-g I\évP-TMS- TTGAAGACAACACCAGCTAGAGGATTCATCACACTG

p2-REV
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Table 4.S03: Protein coding sequences codon-optimized for in planta
expression

HsTIMP (in pFGHO047, with native SP, which was omitted for pFGHO047)

ATGGGTGCTGCTGCTAGGACTCTTAGGCTTGCTCTTGGTCTGCTTCTTCTGGCTACT
CTTCTTAGGCCTGCTGATGCTTGTTCTTGCTCTCCTGTTCATCCTCAGCAGGCTTTCT
GCAATGCTGATGTGGTGATTAGGGCTAAGGCTGTGAGCGAGAAAGAAGTGGATAGC
GGTAACGATATCTACGGTAACCCTATCAAGAGGATCCAGTACGAGATCAAGCAGATC
AAGATGTTCAAGGGTCCTGAGAAGGATATCGAGTTTATCTACACCGCTCCTAGCTCT
GCTGTTTGCGGTGTTTCTCTTGATGTGGGTGGTAAGAAAGAGTACCTGATCGCTGGT
AAGGCTGAGGGTGATGGTAAGATGCACATTACCCTGTGCGATTTCATCGTGCCTTGG
GATACCCTTTCAACCACTCAGAAGAAGTCCCTGAACCACAGGTATCAGATGGGTTGC
GAGTGCAAGATTACCAGGTGCCCTATGATCCCTTGCTACATCTCTTCACCTGATGAGT
GCCTGTGGATGGATTGGGTTACCGAGAAGAACATCAACGGTCACCAGGCTAAGTTCT
TCGCTTGCATCAAGAGGTCCGATGGTTCTTGCGCTTGGTATAGAGGTGCTGCTCCTC
CTAAGCAAGAGTTCCTTGATATCGAGGATCCTTAG

aGal (in pLM028)

CTGGATAACGGTCTTGCTAGGACTCCTACTATGGGTTGGCTTCACTGGGAGAGATTC
ATGTGCAACCTGGATTGCCAAGAGGAACCTGATAGCTGCATCAGCGAGAAGCTGTTC
ATGGAAATGGCTGAGCTGATGGTGTCTGAGGGTTGGAAGGATGCTGGTTACGAGTA
CCTGTGCATCGATGATTGCTGGATGGCTCCTCAGAGAGATTCTGAGGGTAGACTTCA
AGCTGATCCTCAGAGGTTCCCTCACGGTATTAGGCAGCTTGCTAACTACGTGCACAG
CAAGGGTCTGAAGCTTGGTATCTACGCTGATGTGGGTAACAAGACCTGCGCTGGTTT
TCCTGGTAGCTTCGGTTACTACGATATCGATGCTCAGACCTTCGCTGATTGGGGTGT
GGATCTTCTGAAGTTCGATGGTTGCTACTGCGATAGCCTTGAGAACCTGGCTGATGG
TTACAAGCACATGTCTCTGGCTCTTAACAGGACCGGTAGATCCATCGTTTACTCTTGT
GAGTGGCCTCTGTACATGTGGCCTTTCCAGAAGCCTAACTACACCGAGATCAGGCAG
TATTGCAACCATTGGAGGAACTTCGCAGATATTGATGATAGCTGGAAGTCCATCAAGT
CTATCCTGGATTGGACCAGCTTCAATCAAGAAAGGATCGTGGATGTGGCTGGTCCTG
GTGGTTGGAATGATCCTGATATGCTGGTGATCGGTAACTTCGGTCTGAGCTGGAATC
AGCAGGTTACCCAAATGGCTCTGTGGGCTATTATGGCTGCTCCTCTGTTCATGAGCA
ACGATCTGAGGCACATTAGCCCTCAGGCTAAGGCTTTGCTGCAGGATAAGGATGTGA
TCGCTATCAACCAGGATCCTCTGGGTAAGCAGGGTTATCAGCTTAGGCAGGGTGATA
ACTTCGAGGTTTGGGAGAGGCCTTTGTCTGGTCTTGCTTGGGCTGTGGCTATGATCA
ACAGGCAAGAAATTGGTGGTCCTAGGTCCTACACCATTGCTGTGGCTTCTCTTGGTA
AGGGTGTGGCTTGTAATCCTGCTTGCTTTATCACCCAGCTGCTGCCTGTGAAGAGAA
AGCTTGGTTTTTACGAGTGGACCAGCAGGCTGAGGTCACACATTAACCCTACTGGAA
CCGTGCTTCTGCAGCTTGAGAATACCATGCAGATGAGCCTGAAGGATCTGCTT

EPO (in pLM025)

CCTAGGCTGATCTGCGATTCTAGGGTGTTGGAGAGATACCTGCTTGAGGCTAAAGAG
GCTGAGAACATTACTACCGGTTGCGCTGAGCACTGCTCTCTGAACGAGAATATTACC
GTGCCTGATACCAAGGTGAACTTCTACGCTTGGAAGAGGATGGAAGTTGGTCAGCAG
GCTGTTGAAGTTTGGCAGGGTCTTGCTCTTTTGTCTGAGGCTGTTCTTAGGGGTCAG
GCTCTGCTTGTGAATTCTTCTCAACCTTGGGAGCCTCTTCAGCTGCATGTTGATAAGG
CTGTGAGCGGTCTTAGATCTCTTACCACCCTTCTTAGGGCTCTGAGGGCTCAGAAAG
AGGCTATTTCTCCTCCTGATGCTGCTTCTGCTGCTCCTCTTAGGACTATTACCGCTGA
TACCTTTAGGAAGCTGTTCAGGGTTTACAGCAACTTCCTGAGGGGTAAGCTGAAGCT
TTACACTGGTGAGGCTTGCAGGACTGGTGATAG
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In Chapter 4, we improved the productivity of agroinfiltrated N. benthamiana by co-
expressing recombinant proteins (RPs) with the protease inhibitors (Pls) NbPR4,
NbPot1, HsTIMP and SICYS8. Remarkably, the effects of the Pls are consistent
between three unrelated RPs. This transferability makes any information on how RP
accumulation is enhanced highly valuable, as it could contribute to improving

production of many different RPs in N. benthamiana.

Interestingly, single amino acid mutations in HsTIMP and SICYS8 abolish the RP
accumulation-enhancing function. The mutant Pls are known to be non-inhibitory,
indicating that protease inhibition is required for enhancing RP accumulation in the
cases of HsTIMP and SICYS8. These two Pls thus likely inhibit proteases that would
usually degrade RPs. Identification of their targets is an important step towards

understanding the proteolytic network that hampers RP accumulation and purity.

SICYS8 belongs to the cystatin (125) family of Cys protease inhibitors and activity-
based protein profiling (ABPP) of Cys proteases is well established (Richau et al.,
2012; Lu et al., 2015). Furthermore, SICYS8 has been used previously in plant
science, resulting in the availability of useful tools such as a non-inhibitory mutant and
a protocol for production of recombinant SICYS8 in E. coli (Goulet et al., 2008;
Sainsbury et al., 2013). The work presented in Chapter 5 is thus a joint project with
Philippe Jutras, who had previously used SICYSS8 to reduce RP degradation in plants
(Jutras et al., 2016). We developed the project together and Philippe carried out most
of the ABPP experiments during his visit from March-May 2017. | performed additional
ABPP experiments afterwards and importantly, | designed, performed and analysed
the activity-based proteomics experiment in which we identified the SICYSS8 targets.

Chapter 5 is based on a manuscript that we have written together.
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Chapter 5
Activity-based proteomics
reveals target proteases of tomato cystatin SICYS8

in agroinfiltrated N. benthamiana
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5.1 Summary

Co-expression with protease inhibitors is increasingly used to enhance the
accumulation of recombinant proteins in plants, but the inhibited proteases have not
yet been identified. We here performed activity-based protein profiling to characterize
the impact of the tomato cystatin SICYS8 on protease activities of agroinfiltrated
Nicotiana benthamiana. SICYS8 specifically inhibited the activity of papain-like
cysteine proteases (PLCPs) in total leaf extracts and in apoplastic fluids both in vivo
and in vitro. SICYSS8 did not deplete the activity of serine hydrolases and vacuolar
proteases. Mutations at a positively selected amino acid site in the N-terminal region
of SICYS8 led to differential inhibitory function of the mutants. Active plant serine
hydrolases and PLCPs were analysed using activity-based proteomics and we thus
identified the proteases inhibited by SICYS8. The Xylem-Bark Cys Protease (XBCP),
Xylem-specific Cys protease (XCP) and Resistant-to-Desiccation 19/21-like
(RD19/RD21) N. benthamiana PLCP subfamilies were inhibited by SICYS8, while we
found no impact of SICYS8 on Aleurain-Like Proteases (ALP), Cathepsin-B-like
proteases (CTB) or serine hydrolases. Intriguingly, the N. benthamiana PLCP activity
profile is altered in the presence of SICYS8 by posttranslational processing of RD21-
like proteases carrying a granulin domain. We identify endogenous N. benthamiana
proteases inhibited by SICYS8, which are likely to be involved in the degradation of

recombinant proteins.
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5.2 Introduction

Although plant cells have been successfully used as alternative expression hosts to
produce recombinant proteins (Daniell et al., 2015; Ma et al., 2015; Lomonossoff and
D’Aoust, 2016), relatively low yields of proteins remain an important limitation for plant-
based expression systems. Unintended proteolytic processing by plant proteases
leads to either partial or complete degradation and is a limiting factor that affects the
quantity and quality of recombinant proteins (Mandal et al., 2016; Pillay et al., 2016).
Hundreds of genes code for proteases of diverse classes involved in various
physiological processes in plants (van der Hoorn, 2008). Controlling the plant
proteolytic activity is a worthwhile approach to increase both accumulation levels and
quality of recombinant proteins (Benchabane et al., 2008; Mandal et al., 2016).
Unintended proteolysis has been mitigated in plant-based expression systems by (i)
targeting proteins to alternative cellular compartments (Amrani et al., 2004), (ii) the
addition of translational fusion partners to increase protein stability (Sainsbury et al.,
2013), (iii) the removal of protein domains and sequences targeted by endogenous
plant proteases (Zischewski et al., 2016; Hehle et al., 2016) or (iv) creation of protease
activity-depleted environments by cellular engineering. This includes protease gene
silencing with RNAi (Mandal et al., 2014; Duwadi et al., 2015) and inhibition of
proteases with recombinant inhibitors in stable or transient plant expression systems

(Komarnytsky et al., 2006; Goulet et al., 2010a; Jutras et al., 2016).

Plant family C1A papain-like Cys proteases (PLCPs) have been identified as a major
constituent of the recombinant protein degradation machinery (Niemer et al., 2014;
Jutras et al., 2016). PLCPs are targeted by plant cystatins, which harbour the
conserved motif GIn-Xaa-Val-Xaa-Gly (QxVxG) in the central region of the polypeptide

chain (Benchabane et al., 2010; Martinez et al., 2012). Cystatins are competitive

159



protease inhibitors that form non-covalent bonds to occupy the active site of target
proteases (Benchabane et al., 2010). Transgenic tobacco plants constitutively
expressing a rice cysteine protease inhibitor (OC-I) have significantly lower protease
activity, and this directly correlated with higher accumulation of a recombinant
glutathione reductase (Pillay et al., 2012). Cystatins have also been used as a co-
expression partner for an increased accumulation of protease-susceptible proteins in
the cell secretory pathway of N. benthamiana leaves, notably leading to higher yields
of fully assembled plant-expressed antibodies (Robert et al., 2013; Jutras et al., 2016).
However, the target proteases of plant cystatins, which are implicated in recombinant

protein degradation, remain elusive.

Our obijective in this study is to identify proteases that are inhibited by the Solanum
lycopersicum (tomato) Cys protease inhibitor cystatin 8 (SICYS8) (Girard et al., 2007).
In tomato, SICYS8 expression is induced by the defence signal arachidonate and the
protein forms an 88-kDa eight-unit multicystatin that accumulates in the cytosol of leaf
cells upon herbivory (Girard et al., 2007). Transient expression of SICYSS8 in the cell
secretory pathway of agroinfiltrated Nicotiana benthamiana plants prevents proteolytic
trimming of recombinant proteins migrating towards to the apoplast (Robert et al.,
2013; Jutras et al., 2016). We here characterized the impact of SICYS8 expression on
protease activity profiles of agroinfiltrated N. benthamiana leaves and identified
SICYS8 target proteases by protein mass spectrometry. We thus show the practical
potential of SICYSS8 to specifically inhibit plant PLCPs and pinpoint proteases likely

involved in the degradation of recombinant proteins.
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5.3 Results and discussion

5.3.1 SICYSS alters PLCP activity profiles in agroinfiltrated leaves

Because most cystatins are PLCP inhibitors (Benchabane et al., 2010), we assessed
whether the expression of a secreted version of the SICYS8 inhibitor could alter PLCP
activity in agroinfiltrated leaves. Leaf total soluble proteins were extracted to provide
an overview of protease activity in plants agroinfiltrated with a SICYS8 transgene-
harbouring vector, or with a mock ‘empty-vector’ version of the same vector. As
negative control, we expressed an inactive version of the inhibitor, SICYS8%P (or
Q47P), which bears a proline (P) instead of a glutamine (Q) in the QxVxG motif

(Sainsbury et al., 2013).

Protease activity-based profiling (ABPP) uses chemical protease inhibitors fused to a
reporter tag, called activity-based probes. The probes covalently bind available active
sites and active proteases are thus labelled with the tag, either biotin for active protein
enrichment or a fluorescent molecule for visualization of activity profiles in SDS-PAGE
gels (Morimoto & van der Hoorn, 2016). We here used ABPP to characterize PLCP
activity by incubating extracted proteins with the activity-based probe MV201, a
fluorescent derivative of the chemical inhibitor E-64 (Richau et al., 2012). SDS-PAGE
gel analysis showed a significant adjustment of PLCP activity in leaves expressing
SICYS8 compared to the empty-vector control. Fluorescence intensity of strong
signals detected at ~40, ~35 and ~14 kDa (see Bands A, C and F, Figure 5.1A)
decreased in the presence of SICYSS8, indicating that PLCP activity was depleted
compared to the empty-vector control. In contrast, fluorescence of three other signals
(see bands B, D, and E, Figure 5.1A) increased in leaves expressing SICYS8. The

rebalancing of PLCP activity was not induced by the expression of the SICYS8X7P
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inactive mutant. Pre-incubation with PLCP inhibitor E-64 suppressed MV201 labelling,
indicating that the signals correspond to PLCPs. An immunoblot with an anti-SICYS8
antibody confirmed the expression of both SICYS8 constructs, with a lower yield of the

SICYS8X7P mutant (Figure 5.1A).
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Figure 5.1. Papain-like cysteine protease activity profiles of agroinfiltrated N.
benthamiana leaves expressing SICYS8. (A) Activity-based profiling (ABPP) of
PLCPs in total soluble protein extracts from agroinfiltrated leaves transiently
expressing SICYS8 or an inactive mutant of SICYS8 (SICYS8%7P), or agroinfiltrated
with an empty vector construct (EV). Proteins were labelled with the MV201
fluorescent probe and revealed by in-gel fluorescence scanning. Fluorescent bands
with different intensities were named band A to F. Proteins were electro-transferred
onto a PVDF membrane for immunodetection with an anti-SICYS8 antibody. Ctrl (-):
mix of plant extracts with no probe, E-64: mix of plant extracts pre-incubated with the
chemical cysteine protease inhibitor E-64. (B) Quantification of fluorescence intensity
for bands A to F. Each bar is the mean of three biological replicate values + SE. Bars
with an asterisk are significantly different from EV (Student’s t test; P<0.05). Arrows
show fold change in fluorescence intensity of bands from plants expressing SICYS8
compared to the empty-vector control. (C) ABPP of PLCP activity in apopplastic fluids
(AF) of agroinfiltrated plants. Black arrows show PLCP bands with different
fluorescence intensities in plants expressing SICYS8. Immunoblotting confirms the
presence of SICYS8 in the apoplast.
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Gel band fluorescence intensities were quantified to confirm the altered activities of
PLCPs in leaves expressing SICYS8 (Figure 5.1B). Six bands were significantly
affected by the expression of the inhibitor (Student’s t test; P<0.05). Fluorescence
intensities of bands A, C and F decreased when SICYS8 was expressed, with an 8.6-,
3.9- and 16.1-fold reduction, respectively. Fluorescence intensity of bands B, D and E
increased in SICYS8 expressing leaves, with a 4.4-, 10.3- and 4.2-fold increase,
respectively (see bands B, D and E, Figure 5.1B). This increase in fluorescence could
be caused by enhanced transcription and translation of PLCPs, by post-translational
activation or by conversion of active PLCPs into lower molecular weight versions. No
significant effect on band fluorescence intensity was detected in protein extracts from
plants expressing the SICYS8%7P variant, confirming that the effect of SICYSS is

associated with its inhibitory function.

To assess whether SICYS8 inhibitory effects extend to the extracellular space of N.
benthamiana leaves, apoplastic fluids were isolated from agroinfiltrated leaves. PLCP
labelling with MV201 showed active PLCPs in the apoplast of the empty vector control
(Figure 5.1C). SICYS8 expression depleted the activity of the main extracellular
PLCPs, in contrast to SICYS8%7P (see black arrows, Figure 5.1C). A coomassie-
stained gel of apoplastic fluids showed same protein accumulation profiles between
leaf samples, suggesting that SICYS8 expression has no effect on total protein

concentration in the extracellular space (Figure 5.1C).

These data describe an alteration of PLCP activity profiles upon SICYS8 expression
in agroinfiltrated N. benthamiana leaves, associated with depletion of PLCP activity

both inside and outside the cells.
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5.3.2 SICYSS8 expression does not deplete SH and VPE activity in

agroinfiltrated leaves

To confirm the specificity of SICYS8 to PLCPs, we performed ABPP on leaf total
soluble protein extracts with activity-based fluorescent probes FP-TAMRA (FP),
targeting Serine Hydrolases (SHs) (Kaschani et al., 2009), and JOPD1, targeting
Vacuolar Processing Enzymes (VPEs) (Lu et al.,, 2015). SH activity profiles were
mainly unaffected by the expression of SICYS8 or the SICYS8%7P mutant, except for
an additional band appearing at high molecular weight in SICYS8-expressing leaves
(see Band G, Figure 5.2A) and a slight increase of intensity at ~37 kDa (see Band H,
Figure 5.2A). Quantification of fluorescence intensities revealed that intensity of bands
G and H increased 5.9 and 1.1-fold (Student'’s ¢ test; P<0.05), respectively, compared
to control leaves (Figure 5.2B). Plant SH activity profiles have been previously
characterized (Kaschani et al., 2009), and bands G and H likely correspond to

subtilase (SBT, S08) and Ser Carboxypeptidase-like (SCPL, S10) activities.

VPE activity profiles were unchanged, except for intensity of one band at ~40 kDa,
which increased 1.5-fold (Student’s t test; P<0.05) in SICYS8-expressing leaves when
compared to the control (see Band |, Figure 5.2C-D). Activity profiles in protein extracts
expressing the SICYS8%47P mutant resembled the control, again confirming that the

effect on N. benthamiana protease activity depends on SICYS8 inhibitory function.
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Figure 5.2. Serine hydrolase and vacuolar processing enzyme activity profiles
of agroinfiltrated N. benthamiana leaves expressing SICYS8. Activity-based
profiling of (A) serine hydrolase (SH) activity and (C) vacuolar processing enzyme
(VPE) activity in total soluble protein extracts from agroinfiltrated leaves transiently
expressing SICYSS8 or an inactive mutant of SICYS8 (SICYS8Q47P), or agroinfiltrated
with an empty vector construct (EV). Proteins were labelled with the FP or JOPD1
fluorescent probes to target SHs and VPEs, respectively. Bands with different
fluorescent intensities were named band G to | and quantified (B-D). Each bar is the
mean of three biological replicate values + SE. Bars with an asterisk are significantly
different from EV (Student’s t test; P<0.05). Arrows show fold change in fluorescence
intensity of bands from plants expressing SICYS8 compared to the empty-vector
control. Ctrl (-): mix of plant extracts with no probe, DCI: mix of plant extracts pre-
incubated with the chemical serine protease inhibitor 3,4-dichloroisocoumarin, YVAD:
plant extracts pre-incubated with Ac-Tyr-Val-Ala-Asp-Chloromethylketone (YVAD).

Taken together, these observations confirm the inhibitory effect of SICYS8 on PLCPs
and suggest that the activity of other plant protease families may be slightly modulated
by the expression of SICYS8. Minor increases of SH and VPE activities upon SICYS8
expression might be a compensatory response initiated upon depletion of most PLCP
activity. A compensatory response is elicited for instance by proteasome inhibition,

which induces the transcription of gene groups associated with the proteasomal
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degradation pathway (Michel et al., 2006). Interestingly, SICYS8 expression had no
effect on the activity of apoplastic SHs and VPEs, indicating that the compensatory

reaction only occurred within the cells (Supplemental Figure 5.S01).

5.3.3 In vitro assays confirm direct inhibition of PLCPs by SICYS8

To determine whether SICYS8 expression depletes PLCP activity by direct inhibition,
ABPP was performed on extracts from agroinfiltrated plants upon pre-incubation with
purified recombinant SICYS8 produced in E. coli (Figure 5.3). PLCP labelling of leaf
total soluble proteins pre-incubated with 0 to 150 nM SICYS8 revealed that SICYS8
addition depleted the activity of three major bands (see bands A, C and F, Figure 5.3)
and increased intensities of three minor bands (see bands B, D and E, Figure 5.3), as
previously observed in vivo (Figure 5.1A). Fluorescence intensities were quantified
and, when plotted against the SICYS8 concentration, revealed activity depletion to be
SICYS8 concentration-dependent, up to 75%, 62% and 96% decrease in signals for
bands A, C and F, respectively (Figure 5.3B). Most notably, the signal of band F was
rapidly suppressed by SICYSS8, reaching 85% inhibition in the presence of <50 nM
SICYS8. Remarkably, concentrations of SICYS8 above 20 nM resulted in a 3.5- to 5-
fold increase in fluorescence of bands B, D and E when compared to the no inhibitor
control (Figure 5.3C). Compensation for PLCP inactivation through enhanced
transcription of PLCP-encoding genes is thus unlikely to be responsible for increased
PLCP signals. Alternatively, protease activity may increase or active proteases may
shift in size due to in vitro post-translational maturation (Gu et al., 2012). For instance,
the Arabidopsis Cys protease Resistant-to-Desiccation 21 (RD21) is regulated at three

post-translational levels, removal of the N-terminal inhibitory pro-domain, removal of
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the C-terminal granulin domain and an SDS-induced process that may involve plant

protease inhibitors interacting with RD21 (Yamada et al., 2001; Gu et al., 2012).
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Figure 5.3. In vitro inhibition of papain-like cysteine proteases from
agroinfiltrated N. benthamiana leaves. (A) Total soluble protein extracts from leaves
agroinfiltrated with the empty-vector control were incubated with 0 to 150 nM SICYS8
purified from E. coli, prior to PLCP activity labelling with the MV201 fluorescent probe.
Bands A to F were previously described in Figure 5.1. (B) Inhibition rates of bands A,
C and F upon SICYS8 concentrations. (C) Fold change of increased fluorescence
intensities of bands B, D and E. (D) Apoplastic fluids of plants agroinfiltrated with the
empty-vector control were incubated with 0 to 1500 nM SICY S8, prior to PLCP activity
profiling. Two bands with different fluorescence intensities were named i and ii. A
coomassie-stained gel shows the increased amount of purified SICYS8. (E) Inhibition
rates of bands i and ii in apoplastic fluids. E-64: plant extracts pre-incubated with the
cysteine protease inhibitor E-64.

Inhibition assays were also performed on apoplastic fluids isolated from agroinfiltrated
plants. Higher concentrations of SICYS8 (from 0 to 1500 nM) were required to
suppress labelling (Figure 5.3D-E), in accordance with previous findings that
proteases are enriched in the apoplast upon agroinfiltration (Delannoy et al., 2008;

Goulet et al., 2010b). Our data show a concentration-dependent inhibition of PLCPs
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in the apoplast, with 90% and 65% inhibition of the two major bands at 500 mM
SICYS8 (Figure 5.3D-E). These results confirm the direct inhibitory effect of SICYS8

on both intra- and extracellular PLCPs.

5.3.4 N-terminal single mutations affect SICYS8 inhibitory function

As positively selected amino acids in the N-terminal sequence impact the inhibitory
function of SICYS8 (Kiggundu et al., 2006; Vorster et al., 2015; Rasoolizadeh et al.,
2016a), we engineered four mutants of SICYS8 to generate cystatin variants with
altered protease target ranges and/or improved inhibitory potency. Single mutations
at position 2 were introduced to replace the Pro residue (Pro-2, or P2) adjacent to the
conserved GG motif in the N-terminus (Goulet et al., 2008). The proline residue was
changed to either isoleucine (P2l), leucine (P2L), valine (P2V) or tyrosine (P2Y)
(Figure 5.4A), inspired by different specificity of these SICYS8 versions on insect
digestive Cys proteases (Rasoolizadeh et al., 2016a). Mutants and wild-type SICYS8
were transiently expressed in N. benthamiana leaves and total soluble proteins were
labelled with MV201 to compare the ability of the mutants to inhibit Cys proteases
(Figure 5.4B). All mutants suppressed PLCP labelling similarly (see bands A to F,
Figure 5.4B) and accumulated to similar levels in plant cells. Most of the bands in the
PLCP activity profile showed no variation between the mutants. However, band D was
less strong in leaves expressing the mutants when compared to wild-type SICYS8
(post-ANOVA Tukey’s test; P<0.05), except for P2V that showed non-significant
difference (Figure 5.4C). The SICYS8 P2V mutant has a stronger inhibitory potency
against insect digestive proteases when compared to wild-type SICYS8 (Rasoolizadeh
et al., 2016b). ABPP on total soluble protein extracts from leaves expressing the

SICYS8 mutants with activity-based fluorescent probes targeting SHs and VPEs

168



revealed minor impacts of SICYS8 mutations on SH activity and no effect on VPE

activity (Supplementary Figure 5.502).
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Figure 5.4. Impact of single mutations in the N-terminus of SICYS8 on PLCP
inhibition and accumulation of recombinant VRC01 antibody in N. benthamiana.
(A) Single mutations of the proline at the position 2 in the N-terminal of SICYSS8.
Structure shows the two inhibitory loops. The model was built with the NMR structure
of rice cystatin | (PDB 1EQK) as a template. (B) SICYS8 mutants were transiently
expressed in N. benthamiana and leaf total soluble proteins were labelled with MV201
to characterize PLCP activity. Bands A to F were previously described in Figure 5.1.
Protein extracts were electro-transferred onto a PVDF membrane for
immunodetection with an anti-SICYS8 antibody. (C) Quantification of band D
fluorescence intensity. (D) Quantitative ELISA for VRCO1 antibody co-expressed
together with SICYS8 mutants in the secretory pathway. Each bar (Panel C and D) is
the mean of three biological replicates + SE. Bars with different letters are significantly
different (post-ANOVA Tukey’s test; P<0.05). EV: extracts from plants agroinfiltrated
with the empty-vector control, WT: wild-type SICYS8, P2I: proline to isoleucine, P2L:
proline to leucine, P2V: proline to valine, P2Y: proline to tyrosine, Ctrl (-): mix of plant
extracts with no probe, E-64: mix of plant extracts pre-incubated with the chemical
cysteine protease inhibitor E-64 before activity labelling.

The impact of the P2 N-terminal residue on SICYSS8 inhibitory potency was also
assessed by characterizing antibody-stabilizing effects of the mutants (Robert et al.,
2013; Jutras et al., 2016). The SICYS8 mutants were transiently co-expressed in N.
benthamiana leaves together with the heavy and light chains of the VRCO01 antibody

(Hamorsky et al., 2013). The mutants differently affected the accumulation of VRCO1,
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as measured by a quantitative ELISA (Figure 5.4D). The highest accumulation of the
VRCO1 antibody was observed upon co-expression with wild-type SICYS8 or the P2V
mutant and none of the other tested mutants increased VRCO1 levels more than the
wild-type SICYSS8. In future, novel cystatin variants may be designed by engineering
the two inhibitory loops of SICYS8 to improve inhibition of plant proteases and

stabilization of recombinant proteins in the plant secretory pathway.

5.3.5 Activity-based proteomics reveals N. benthamiana PLCPs inhibited

by SICYS8

To identify the proteases that are inhibited by SICYS8 and thus potentially implicated
in recombinant protein degradation, we performed activity-based proteomics (ABPP-
MS) on total soluble protein extracts from plant expressing SICYS8 (in vivo) and
control empty-vector agroinfiltrated leaves (mock), pre-incubated with or without
280 nM of purified SICYSS8 (in vitro). Proteomes were incubated with a mixture of FP-
biotin and DCGO04 probes to label both active SHs and PLCPs, respectively. Labelled
proteins were captured on avidin beads prior to label-free quantitative mass
spectrometry (MS) analysis (Greenbaum, 2002; Kaschani et al., 2009). Fold change
in protein abundance compared to the no-probe-control was used to identify active
proteins. 48 SHs were enriched at a confidence level of 95% (P<0.05) compared to
the no-probe-control, indicating they were active. Among the SHs, activity of only one
pectinacetylesterase (Niben101Scf02119g00018) was increased upon expression of
SICYS8 in vivo (see black star Figure 5.5A and Supplemental File ES5.01). This
protein has a very low overall abundance and was not identified in the full leaf
proteome obtained in Chapter 4. 14 active PLCPs were identified (Figure 5.5A and

Supplemental File ES5.01) and clustered into six subfamilies (Grosse-Holz et al.,
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2017, Chapter 2) (Figure 5.5B). Nine active PLCPs were significantly less abundant in
leaves expressing SICYS8 compared to the control, suggesting their activity was
depleted through inhibition by SICYS8 in vivo. Inhibited PLCPs belong to the Xylem
Bark Cys Protease (XBCP), Xylem-specific Cys protease (XCP) and Resistant-to-
Desiccation 19/21 (RD21 and RD19) subfamilies. Among the nine PLCPs inhibited
upon SICYS8 expression, eight were also inhibited in leaf extracts treated with purified
SICYS8 in vitro, confirming that these eight PLCPs are directly inhibited by SICYSS.
Two XBCP3s and one RD21-like PLCP were more strongly inhibited upon SICYS8
expression in vivo compared to extracts treated with SICYSS8 in vitro (Figure 5.5B),
potentially due to an incomplete inhibition of the proteases by 280 nM SICYS8. XCP,
RD19 and RD21-like N. benthamiana PLCPs are interesting candidates implicated in
proteolytic processing of recombinant proteins in agroinfiltrated leaves, as those

protease subfamilies are strongly inhibited by SICYS8.
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Figure 5.5. Impact of SICYS8 expression on papain-like cysteine protease
(PLCP) and serine hydrolase (SH) activity. (A) Heatmap of 101 active PLCPs and
SHs identified by activity-based proteomics (ABPP-MS). ABPP-MS was performed
using DCGO04 and FP-biotin probes to capture active PLCPs or SHs, respectively.
Proteins were enriched on avidin beads, prior to label-free quantitative MS analysis.
Active proteins are enriched significantly (FDR<0.05) compared a no-probe control
sample and annotated as probe targets, fold enrichment compared to the no probe
control serves as a proxy for activity. The activity of only one SH was affected upon
SICYS8 expression in plants (see black star). Mock: extracts from leaves
agroinfiltrated with the empty-vector control, SICYS8 in vitro: extracts from leaves
agroinfiltrated with the empty-vector control and pre-incubated with 280 nM of
recombinant SICYSS8, SICYSS8 in vivo: extracts from agroinfiltrated leaves transiently
expressing SICYS8. (B) Activity of PLCPs, grouped by subfamily, relative to the mock
control. Bars are means + SE of three biological replicates, significant differences from
the mock are indicated by a star (Student’s f test, P<0.05). n.d., activity not detected.
The MS dataset is in Supplemental File ES5.01.
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Previous studies showed that the RD21-like NbCYSP6 and the XCP-like NbCYSP7
proteases can rapidly degrade antibodies in vitro (Paireder et al., 2017). Furthermore,
silencing the RD21-like (NtCYSPG6) gene in tobacco significantly enhanced
accumulation of recombinant proteins (Duwadi et al., 2015). As they are also targets
of SICYS8, RD21-like PLCPs very likely contribute to antibody degradation in vivo.
XBCPs (C14-like PLCPs) are inhibited by SICYSS8, but likely play minor roles in
recombinant protein proteolysis. Tomato XBCP proteases are specifically inhibited by
cystatin-like EPIC inhibitors (Kaschani et al., 2010), but the co-expression of EPICs
does not enhance the accumulation of recombinant proteins in N. benthamiana
(Grosse-Holz et al, manuscript in preparation, Chapter 4). Interestingly, the proteolytic
activity of Aleurain-Like Proteases (ALP) and Cathepsin-B-like proteases (CTB3)
subfamilies was unaffected both by SICYS8 expressed in plants (in vivo) or purified
SICYS8 (in vitro). N. benthamiana Cathepsin B proteases may contribute to residual
antibody degradation in the presence of SICYS8, as the NbCathB protease, a
sequence 93% identical with NbCTB3.3, can degrade antibodies in vitro (Niemer et
al., 2016). In contrast, the ALP subfamily likely makes a minor contribution to
proteolytic processing of recombinant proteins, as previous in vitro assays showed
negligible effect of NbALP on antibody stability (Niemer et al.,, 2016). These data
confirm the impact of SICYS8 expression on host endogenous proteases and indicate
that XCP, RD19 and RD21-like N. benthamiana PLCP subfamilies likely constitute the
core of the recombinant protein degradation machinery that is blocked by SICYSS,
while Cathepsin B and other proteases may contribute to residual protein degradation

in the presence of SICYSS.
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As none of the active PLCPs we identified by ABPP-MS showed increased activity
upon exposure to SICYS8 in vivo or in vitro, we reasoned that increased fluorescence
intensity of bands B, D and E (see Figure 5.1A and Figure 5.3A) may be caused by a
size shift of active proteases. We therefore performed a detailed analysis of peptides
from proteases carrying granulin domains. Peptides corresponding to both the
peptidase and granulin domains of three PLCPs were detected, namely RD21.1,

XBCP3.2, XBCP3.3 (Figure 5.6A and Supplemental Figure 5.S03).
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Figure 5.6. Peptides corresponding to the granulin domain of RD21.1 are
depleted upon SICYS8 expression. (A) Identified peptides (blue) from the granulin-
domain containing PLCP RD21.1 (Niben101Scf09885XLOC_077597). SP: signal
peptide, 129: 129 inhibitory domain, C01: peptidase, Granulin: granulin domain. The
catalytic triad residues are presented in green. (B) Spectral intensity of the peptides in
three biological replicates. The granulin-derived peptides are shown in red. Mock:
extracts from leaves agroinfiltrated with the empty-vector control, SICYSS8 in vitro:
extracts from leaves agroinfiltrated with the empty-vector control and pre-incubated
with 280 nM of recombinant SICYS8, SICYS8 in vivo: extracts from agroinfiltrated
leaves transiently expressing SICYS8.

Spectral intensity of peptides corresponding to peptidase domains of RD21.1
decreased upon exposure to SICYS8, indicating that the active site was less available
to the probe due to inhibition by SICYS8 (Figure 5.6B). However, peptides were still
detected, indicating that RD21.1 is incompletely inhibited by SICYS8. Interestingly,

peptides corresponding to the granulin domain of RD21.1 disappeared in extracts of
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leaves expressing SICYS8 (see red symbols, Figure 5.6B), suggesting that the
RD21.1 enzymes that remained active in leaves expressing SICYS8 lost their granulin
domains. These data highlight the impact of SICYS8 expression on posttranslational

maturation of RD21-like proteases carrying a granulin domain.
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5.4 Conclusions

We here characterized the impact of SICYS8 on protease activity in agroinfiltrated N.
benthamiana leaves, leading to a better understanding of in planta protease-inhibitor
interactions. We used activity-based protein profiling to study endogenous protease
profiles of leaves transiently expressing SICYS8. Our data highlight that SICYS8
specifically inhibits PLCPs, with minor impacts on the activity of serine hydrolases and
vacuolar processing enzymes. Proteomics analysis showed that PLCPs from the
XBCP, XCP, RD19 and RD21-like PLCP subfamilies are inhibited by SICYS8 and
revealed an unexpected posttranslational maturation of granulin-containing RD21-like
PLCPs in the presence of SICYS8. We thus identify proteases involved in proteolytic
processing of recombinant proteins. Depletion of identified proteases by genome
editing and the expression of alternative Cathepsin B inhibitors could be used to
reduce recombinant protein proteolysis in the secretory pathway of N. benthamiana.
Structural/function experiments on SICYSS8 in coming years will also allow the rational

design of efficient inhibitors with custom-made specificity.
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5.5 Material and Methods

Plasmid constructs. Expression constructs for secreted SICYS8 (GenBank
Accession No. AF198390) and the inactive variant SICYS8%4P were described
previously (Sainsbury et al. 2013). Mutations in the N-terminal SICYS8 sequence were
introduced at position 2 by Quickchange mutagenesis (Agilent Technologies, Canada)
to produce SICYSS8 variants with a proline exchanged for isoleucine (P2l), leucine
(P2L), valine (P2L) or tyrosine (P2Y). Transgenes were assembled in a pCambia 2300
expression vector (CAMBIA, Australia), between a duplicated Cauliflower mosaic virus
(CaMV) 35S promoter in & position and a nopaline synthase (NOS) terminator
sequence in 3’ position. An ‘empty’ mock vector was used as a negative control for
agroinfiltration. The pCambia vectors were maintained in Agrobacterium tumefaciens,
strain AGL1 (Lazo et al., 1991). The VRCO1 plasmids are described in Chapter 4 and
were maintained in Agrobacterium tumefaciens, strain GV3101. Agrobacteria were
cultured on plates of LB medium (10 g/L NaCl, 10 g/L Tryptone, 5 g/L yeast extract,
15 g/L agar) containing 25 uM Rifampicin, 50 yM Gentamycin and 50 uM Kanamycin
to select for transformants. All gene constructs were proof checked by automatic DNA

sequencing.

Transient expression in leaves. N. benthamiana plants were grown at 21 °C under
a 16/8 h light/dark regime in a growth room. Agrobacterium containing binary
expression plasmids were grown for 21h at 28 °C with agitation in LB containing the
appropriate antibiotics. Bacteria were collected by centrifugation at 2000 g for 5 min
at room temperature (RT), resuspended in infiltration buffer (10 mM 2-(N-morpholino)
ethanesulfone (MES), 10 mM MgClz, pH 5.7, 100 uM acetosyringone) to ODsoo = 0.5
and left for 2 h at 28 °C with agitation to recover. All A. tumefaciens suspensions were

mixed in a 1:1 ratio with a suspension of A. tumefaciens carrying a pCambia 2300
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binary vector harbouring an expression cassette for the silencing suppressor protein
p19. The first and second fully expanded leaves of pre-flowering N. benthamiana (4-5
weeks old) were infiltrated with the bacteria suspension using a syringe without a
needle. Leaf tissue was harvested 6 days post infiltration for protein extraction to allow
for maximum protein accumulation in the presence of the p19 silencing suppressor.
Three independent replicates including leaves of three plants each were used for each
treatment to minimize variation of protein expression levels and to allow for statistical

analysis of the data.

Protein extraction. For total soluble protein extraction, infiltrated leaf tissue was
harvested as leaf discs, flash-frozen in liquid Nitrogen and pulverized using pestle and
mortar. Proteins were extracted in three volumes (v/fresh weight) of cold
500 mM sodium acetate (NaAc), pH 5, 5 mM DTT and centrifuged for 20 min at 4 °C
16000 x g. For apoplastic fluid extraction, six N. benthamiana leaves per sample were
detached and vacuume-infiltrated with ice-cold water, dried on the surface and placed
in a syringe without needle and plunger that was inserted in a 50-mL falcon tube.
Apoplastic fluids were collected by centrifugation at 2000 g, 4°C for 25 min and used
immediately. Protein concentrations were determined using a linearised Bradford

assay (Ernst and Zor, 2010).

Activity-based protein profiling. 48 pul of leaf total soluble protein extracts, or
apoplastic fluids adjusted to 500 mM NaAc, pH 5, 5 mM DTT, were pre-incubated with
or without 0.2 mM of inhibitor (E-64; DCI, 3,4-Dichloroisocoumarin; Caspase |) for 30
min and incubated for 4 h at room temperature with fluorescent probes targeting
papain-like cysteine proteases (probe MVV201) or vacuolar processing enzymes (probe
JOPD1), or incubated for 1 h with an FP-TAMRA probe targeting serine hydrolase
activity. FP-TAMRA was obtained from Thermo (88318), MV201 and JOPD1 were
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synthesized as described (Richau et al., 2012; Lu et al., 2015). ABPP reactions were
ended by adding 1 mL cold acetone. Samples were centrifuged for 3 min at 16000 and
the supernatant discarded. Proteins were resuspended in 2 x gel loading buffer (100
mM Tris-HCI (pH 6.8), 200 mM DTT, 4% SDS, 0.02% bromophenol blue, 25%
glycerol), heated for 5 min at 95 °C and proteins were resolved by 12% w/v SDS-

PAGE in reducing conditions.

In-gel fluorescence intensity quantification. SDS-PAGE gels were scanned on a
Typhoon scanner (Amersham/GE Healthcare, Little Chalfont, UK) using Cy3 settings
to detect in-gel fluorescence. Image data were analyzed using the Open source
software Imaged (http://rsb.info.nih.gov/ij/) to quantify band fluorescence intensity.
Background values were subtracted from each image based on the average values of
images acquired from no probe controls. Bands from three biological replicates of were

used to determine the fluorescence intensity.

Immunoblotting. Proteins were resolved by a 12% w/v SDS-PAGE gel and were
electrotransferred onto a PVDF membrane using the TransBlot Turbo system (Biorad,
Hercules, US). SICYS8 was detected by a primary anti-SICYS8 polyclonal IgG raised
in rabbits (Agrisera, Sweden, 1/5000) and by a goat anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody (Agrisera, Sweden, 1/10000). Non-specific
binding sites were blocked with 5% w/v skimmed milk powder in PBS buffer containing
0.025% v/v Tween-20 for 1h, which also served as antibody dilution buffer.
Chemiluminescent signals were revealed using the Clarity ECL Western blotting
detection kit (Bio-rad, USA) and signals were captured on a Gel Doc imager (Bio-rad,

USA).
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Bacterial expression of recombinant SICYS8. E. coli GST expression for
purification of SICYS8 was carried out as reported (Goulet et al., 2008). Briefly, 5 ml
pre-cultures of BL21 cells were incubated in LB over night at 37°C, with carbenicillin
antibiotic. The pre-cultures were transferred in 250 ml LB cultures and incubated at
37°C until an ODsoo of 0.6. Protein expression was induced by the addition of 0.5 mM
of Isopropyl B-D-1-thiogalactopyranoside (IPTG) and cultures were incubated for
another 6h at 30°C. Bacteria were collected by centrifugation at 3 500 rpm for 10
minutes and cells were lysed by 4 freeze-thaw cycles. Bacteria were resuspended in
3 ml of lysis buffer (60 mM TRIS pH8, 5% m/v sucrose, 50 mM EDTA, 5% v/v Triton
X-100, 1 mM PMSF), incubated 5 minutes on ice and centrifuged at 12 000 rpm for 10
min 4°C. Supernatant was incubated with Sepharose-4B beads (GE Healthcare Life
Sciences, USA) for 60 min with low agitation. Beads were washed 3 times using 5 mi
of 50 mM TRIS pH 8. Factor Xa enzyme and buffer were then added. Samples were
centrifuged at 8000 rpm for 5 min after 16h incubation at room temperature with
agitation and supernatant was collected. Protein concentration was assayed by

standard Bradford protocol and purified proteins were maintained at -80°C.

In vitro inhibition assays. Total soluble protein extracts (TSP) or apoplastic fluids
(AF) from plants agroinfiltrated with the control ‘empty-vector’ were extracted in 50 mM
sodium acetate buffer pH 5 and purified SICYS8 proteins were added at different
concentration (0 to 150 nM for TSP and 0 to 1500 nM for AF) for a 30 minutes
incubation at room temperature prior to PLCP ABPP labelling as previously described.
The same amount of factor Xa cleavage buffer was added in the no inhibitor control.
Inhibition rates were obtained by the quantification of band fluorescence intensity
compared to the no inhibitor control. A coomassie-stained 12% SDS-PAGE gel

showed the increased amount of purified SICYS8 added in the samples.
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Quantitative ELISA. For the quantification of VRCO1 heavy chain, an enzyme-linked
immunosorbent assay (ELISA) plate (Fisher Scientific, USA) was coated for 1 h at
37°C with freshly prepared leaf protein extracts. Serial extract dilutions were prepared
in PBS buffer and a relative standard curve was generated from diluted VRCO1
samples. All dilutions were performed in a control extract from leaf tissue infiltrated
with a mock inoculum so that any unspecific matrix effect was eliminated. The plate
was washed three times in PBS buffer, blocked for 1 h at 37°C with 5% w/v skim milk
powder in PBS buffer, and washed three times again in PBS buffer. The plate was
incubated with an anti-human y chain horseradish peroxidase (HRP)-conjugated
antibody (Sigma A6029, USA, 1/10 000) in blocking solution for 1h at 37°C. Washes
with PBS were repeated, and the plates were incubated with the 3,3’, 5,5’- tetramethyl-
benzidine (TMB) peroxidase substrate (Sigma-Aldrich, USA). The reaction was
stopped by the addition of H2SO4, before reading the absorbance at 450 nm. Each
sample was assayed in triplicate and antibody concentrations were interpolated from
the linear portion of the standard curve. All measurements were made with leaf protein

extracts from three independent biological replicates.

Activity-based proteomics. Agrobacteria were grown separately for each biological
replicate. Three leaves from different plants were infiltrated with an agrobacterial
suspension of 1/1 (v/v) SICYS8/P19 vector harbouring bacteria at ODsoo = 0.5, three
leaves with 1/1 (v/v) SICYS8947P/P19 and six leaves from three plants with only P19
vector harbouring bacteria. Total soluble leaf protein extracts were extracted at 6 dpi,
prepared as described above and diluted to 1.5 mg/mL. In the ‘SICYS8 spike’ samples,
3 ng of purified SICYS8 from E. coli were added per 1 ul volume. Corresponding
volumes of buffer were added to the other samples and all samples were incubated at

RT on a rotator for 45 min. 1 mL of each sample was then incubated with 5 yM FP-
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biotin (Sigma 88317) and 5 yM DCGO04-biotin (Greenbaum, 2002) for 5 h on a rotator
at RT in darkness. The no-probe control contained a mix of equal volumes of each
sample and DMSO instead of the probe. MS-grade water and chemicals were used
from this point onwards. Samples were transferred to 15 mL falcon tubes and 4 mL
ice-cold methanol, 1 mL ice-cold chloroform and 3 mL ice-cold water were added
subsequently, vortexing the sample after each step. Samples were centrifuged for 30
min at 3000 x g and 4°C. The upper aqueous layer was carefully removed, 4 mL
methanol added and the samples were again centrifuged for 30 min at 3000 x g and
4°C. The supernatant was discarded, the pellet dried, resuspended in 2 mL Phosphate
Buffered Saline (PBS, 10 mM PQO43", 137 mM NaCl, 2.7 mM KCI) containing 1.2%
sodium dodecyl sulphate (SDS) and then diluted using 5 mL PBS. Proteins were
denatured by heating at 90°C for 8 min and cooled on ice afterwards, then diluted with
3 mL of PBS and stored at -20°C until the next day. After thawing, 130 ul avidin-beads
(sigma A9207, pre-washed 3 times in 1x PBS) were added to each sample. Samples
were incubated on a rotator for 1h at RT, then centrifuged for 7 min at 400 x g and RT.
The supernatant was discarded and the beads were washed four times in 1% SDS,
then two times in water, always by adding the liquid, inverting the tubes, centrifuging
for 7 min at 400 x g and discarding the supernatant. Purified proteins on the beads
were reduced in 256 yL 50 mM Tris pH 8, 8M Urea, 10 mM DTT for 15 min at 65°C
with agitation in darkness, then cooled to 35°C and alkylated by adding 12.5 yL of
400 mM iodoacetamide in 50 mM Tris-HCI pH8 and incubating for 30 min with
agitation in darkness. 4 ul Trypsin-LysC (Promega V5071, reconstituted according to
the manufacturer’s instructions) were added to each sample and LysC digest was
performed for 3 h at 37 °C with agitation. Samples were then diluted in 50 mM Tris pH

8 to reach a final Urea concentration of less than 1 M and Trypsin digestion was
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performed for 16 h at 37 °C with agitation. Samples were centrifuged for 3 min at 1000
x g and 0.1% (v/v) trifluoracetic acid were added to the supernatant in a new tube. The
peptides were purified using Sep-Pak C18 cartridges (Waters, 610 Centennial Park,
Herts, UK) according to the manufacturer’s instructions. Protein LoBind tubes were

used throughout.

Mass Spectrometry. Supplemental File ES5.02

Bioinformatics tools for leaf proteome analysis. Peptide spectra were annotated
using Andromeda (Cox et al, 2011). Included modifications were
carbamidomethylation (static) and oxidation, N-terminal acetylation and carbamylation
of Lysines and N-termini (dynamic). Protein quantification was performed using
MaxQuant version 1.5.5.30 (Tyanova et al., 2016a), including all modifications.
Filtering and imputation of missing values using default settings were performed in
Perseus (Tyanova et al., 2016b) and further data analysis carried out in R using the
data.table and ggplot packages (lhaka and Gentleman, 1996; Wickham, 2016).
Sequence analyses and plasmid design were performed in Geneious (Kearse et al.,

2012).

Statistical Analyses. Statistical analyses were performed using the RStudio program,
v. 0.98.1103 (RStudio, Inc.). Analysis of variance (ANOVA) tests were used to
compare in-gel band fluorescence intensity between treatments or ELISA values.
Contrast calculations and Tukey’s mean comparison tests were performed for those

ANOVA giving significant P values at an alpha value threshold of 5%.
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5.7 Supplementary information

Supplemental figures
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Supplemental Figure 5.S01. Complement to Figure 5.2 — Serine hydrolase and
vacuolar processing enzyme activity profiles in apoplastic fluids of
agroinfiltrated N. benthamiana leaves expressing SICYS8. Apoplastic fluids from
plants agroinfiltrated with the empty-vector control or expressing SICYS8 (or the
inactive mutant SICYS8%4"P) were labelled with FP or JOPD1 fluorescent probes to
detect active serine hydrolases (A) or vacuolar processing enzymes (B), respectively.
Ctrl (-): mix of plant extracts with no probe, DCI: mix of plant extracts pre-incubated
with the chemical serine protease inhibitor 3,4-dichloroisocoumarin, YVAD: plant
extracts pre-incubated with the chemical Caspase inhibitor I.
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Supplemental Figure 5.S02. Complement to Figure 5.4 — Impact of SICYS8 single
N-terminal mutations on SH and VPE activity in agroinfiltrated leaves. (A)
SICYS8 mutants were transiently expressed in N. benthamiana and leaf total soluble
proteins were extracted, prior to (A) serine hydrolase and (C) vacuolar processing
enzyme activity labelling. Bands G to | were previously described in Figure 5.2. (B, D)
Quantification of bands G to | fluorescence intensity. Each bar is the mean of three
biological replicate values + SE. Bars with different letters are significantly different
(post-ANOVA Tukey’s test; P<0.05). EV: extracts from plants agroinfiltrated with the
empty-vector control, WT: wild-type SICYS8, P2I: proline to isoleucine, P2L: proline to
leucine, P2V: proline to valine, P2Y: proline to tyrosine, Ctrl (-): mix of plant extracts
with no probe, DCI: mix of plant extracts pre-incubated with the chemical serine
protease inhibitor 3,4-dichloroisocoumarin, YVAD: plant extracts pre-incubated with
the chemical Caspase inhibitor I.
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Supplemental Figure 5.503. Complement to Figure 5.6 — Peptides corresponding
to the granulin domain containing PLCPs XBCP3.2 and XBCP3.3. (A) Identified
peptides (blue) from the granulin-domain containing PLCPs XBCP3.2 and XBCP3.3.
SP: signal peptide, 129: 129 inhibitory domain, CO1: peptidase, Granulin: granulin
domain. The catalytic triad residues are presented in green. (B) Spectral intensity of
the peptides in three biological replicates. The granulin-derived peptides are shown in
red. Mock: plants agroinfiltrated with the empty-vector control, SICYS8 in vitro:
agroinfiltrated plants pre-incubated with recombinant SICYS8, SICYS8 in vivo:
agroinfiltrated plants expressing SICYS8.

Electronic supplementary information

Electronic supplementary information included with the thesis: Files ES5.01-02.
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Chapter 6

General discussion
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6.1 Accompanying N. benthamiana on the way to becoming a model

plant

An advantage of using model organisms compared to less well studied species for a
given experiment is that for model organisms, there usually are data from other
experiments using the same or similar techniques. These data can be used to estimate
expected effect sizes and the number of replicates needed for significant results, thus
helping to design the most informative experiments given limited resources. Once the
experiment is performed, previous data can also aid the interpretation of results by
providing a sense of what is expected from a well-designed, technically robust
experiment. Calibrated in this way, one can then detect abnormalities pointing to either
technical defects or interesting biological phenomena and potential ways to address

biotechnological challenges.

Over the last years, N. benthamiana has become a better model for transcriptomics
and proteomics because more data are available to inform experimental design and
aid interpretation of results. The following sections review the contributions that this
thesis has made to the body of knowledge on N. benthamiana. First, | summarize the
proteomics and activity-based proteomics data gathered throughout this thesis on the
Papain-like Cys Protease (PLCP) family. PLCPs have been studied intensively and
will likely attract further interest because they can degrade RPs and are implicated in
plant immunity, rendering a broad overview especially important. Second, | compare
the transcriptome obtained in Chapter 2 to other transcriptomes obtained from N.
benthamiana upon infection with different pathogens. | provide indications regarding
both the number of transcripts usually detected in N. benthamiana leaves and the

common, basal aspects of N. benthamiana immune responses. Third, | summarize the
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proteome data obtained here and by others to provide indications regarding the size

and plasticity of the N. benthamiana leaf proteome.

6.1.1 Defining the robust core PLCP repertoire of agroinfiltrated leaves

In Chapters 2, 4 and 5, we have monitored N. benthamiana PLCPs in agroinfiltrated
leaves in four different proteomics datasets (Figure 6.1a). Dataset | is the 5 dpi time
point from the time course of extracellular proteomes and dataset Il is another
extracellular proteome obtained at 5 dpi. Dataset Ill is an activity-based extracellular
proteome obtained together with dataset Il at 5 dpi (Chapter 2). Dataset IV is a full leaf
proteome obtained to confirm the accumulation of overexpressed Pls. Pls were
expressed in the presence of P19 using the GV3101 Agrobacteria strain and samples
were taken at 4 dpi, the point of maximum accumulation of the overexpressed protein
according to our experience with this strain (Chapter 4). Dataset V is an activity-based
proteome of total leaf extracts obtained to identify the targets of SICYS8. SICYS8 was
expressed in the presence of P19 using the AGL1 Agrobacteria strain (Lazo et al.,
1991) and samples were therefore taken at 6 dpi, which is the best harvesting time
point for the AGL1 strain (Chapter 5). All five experiments should monitor different
subsets of the same proteome. Extracellular proteomes represent a subset of the
proteins present in whole leaf proteomes and may also contain secreted proteins that
were too low in abundance in whole leaves to be identified, but are enriched in the
extracellular space. Similarly, activity-based proteomics should monitor the subset of
active enzymes in a proteome, but may also facilitate detection of less abundant, but
active enzymes by enriching them. The five datasets reveal which PLCPs are robustly
present and/or active, which are sometimes detectable and which seem absent in

agroinfiltrated leaves. To define which of the 41 PLCPs in the predicted proteome
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(Chapter 2) form the core PLCP repertoire in leaves, | evaluated which PLCPs were

identified in at least two biological replicates and significantly enriched compared to

the no-probe control (activity-based proteome datasets) or identified in all three

biological replicates (total proteome datasets) using only the samples from

agroinfiltrated leaves that were not expressing any transgene (datasets I-lll) or P19

controls (datasets IV and V).

a) proteomics data obtained in this thesis
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Figure 6.1: Papain-like Cys proteases
(PLCPs) in agroinfiltrated N. benthamiana
leaves detected across different MS
experiments. a) overview of MS datasets.
AF, apoplastic fluid (extracellular proteome);
TE, total leaf extract; dpi, days post
infiltration. b) N. benthamiana PLCP
subfamilies, named according to the PLCP
tree in Figure 2.5. Ticked proteins are part of
a protein group (among the Majority Protein
IDs) that was detected in all three replicates
of agroinfiltrated leaves (proteome datasets,
blue) or active in agroinfiltrated leaves
(activity-based proteome datasets, orange).
Previously studied enzymes are named
according to: 1) Paireder et al, 2017; 2) Hao
et al, 2006; 3) Gilroy et al, 2007; 4) Niemer et
al, 2016. Complete Protein IDs are in
Supplemental Figure S6.01, the complete
comparison of MS datasets is in
Supplemental File ES6.01.

16 N. benthamiana PLCPs were identified in
at least two datasets, indicating they are
robustly present in agroinfiltrated leaves

(Figure 6.1b). This includes all 12 PLCPs

identified in the whole leaf proteome (dataset IV). The same 12 are also identified in

at least one of the extracellular proteomes (datasets | and Il), in addition to four PLCPs

from the RD19 (Resistant to Desiccation 19-like) and XBCP3 (Xylem bark Cys
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protease 3-like) families. These four were only identified in the extracellular proteome
or using activity-based proteomics, indicating they may be of low abundance, but
active in leaves and enriched in the extracellular space. Surprisingly, we detected
extracellular activity (dataset Ill) for two aleurain-like proteases (ALPs), but for none
of the other 14 active PLCPs detected in full leaf extracts (dataset V). However, the
active PLCPs from dataset V are mostly detected in the extracellular proteome
(datasets | and Il). The extracellular proteome thus either contains many inactive
PLCPs or the active secretome experiment was technically suboptimal. The latter is
likely, as other projects in the lab have identified >10 active PLCPs in extracellular
proteomes from mock infiltrated N. benthamiana that were not identified in the mock
samples from dataset Ill. Overall, extracellular proteomes likely contain additional,
active PLCPs when compared to whole leaf proteomes (the PLCPs detected in
datasets |, Il and V but not IV). This is in accordance with higher proteolytic activity in
extracellular proteomes compared to whole leaf proteomes (Delannoy et al., 2008),

suggesting proteases are enriched in the extracellular space.

We consistently detected NbCYSP6, NbCYSP7 and NbCathB, the N. benthamiana
PLCPs that can degrade antibodies in vitro (Niemer et al., 2014; Paireder et al., 2016),
indicating they contribute to RP degradation in vivo. In contrast, we never detected
peptides or transcripts corresponding to members of the THI1 (THIAMINE4) subfamily.
Absence of peptides and transcripts corresponding to THI1 proteins is expected, as
THI1 activity is flower-specific in Arabidopsis (Richau et al., 2012). We did not detect
peptides corresponding to members of the CEP (Cys endopeptidase) subfamily at
4-6 dpi, although CEP-encoding transcripts were detected and extracellular peptides
corresponding to CEP proteins appeared at later points in the extracellular proteome

time course (Chapter 2, Figure 2.5). CEPs carry a C-terminal KDEL motif (Richau et
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al., 2012), indicating they are retained in the ER and may not be extracted by our
sample preparation method. At later time points upon agroinfiltration, they may be
present in the extracellular space due to cell content leakage. In two other cases, the
absence of peptides was unexpected. First, none of the members of the SAG12
(Senescence Associated Gene 12-like) family had corresponding peptides in any
experiment. The SAG12 subfamily contains PIP1 and RCR3, which are major immune
proteases in tomato, a relative of N. benthamiana (Kruger et al., 2002; Tian et al.,
2007). We detected transcripts encoding NbPIP1 and NbRCR3 in leaves (Chapter 2,
Figure 2.5), but the proteins do not seem to accumulate. Further analyses indicate that
NbPIP1 and NbRCR3 are pseudogenes (J. Kourelis, unpublished) and the immune
protease repertoires of N. benthamiana and tomato thus differ substantially. Second,
the N. benthamiana predicted proteome contains two XBCPs encoded by the target
genes of the hairpin RNA used to show that NbC74 silencing enhances susceptibility
of N. benthamiana to P. infestans (Kaschani et al., 2010). NbC14-encoding transcripts
were detected in leaves (Chapter 2, Figure 2.5). However, we did not detect peptides
corresponding to these predicted NbC14 proteins in leaves, indicating that NbC14
proteins only accumulate under specific conditions. Alternatively, the other members
of the XBCP3 subfamily that are detected in extracellular and total leaf proteomes may

have been suppressed by NbC 174 silencing.

In summary, the core PLCP repertoire of agroinfiltrated leaves consists of ~ 16 PLCPs
from the XBCP, XCP, RD19, RD21, ALP and CTB3 subfamilies, while no members of

the SAG12, CEP and THI1-like subfamilies were detected in agroinfiltrated leaves.
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6.1.2 Lessons learned from transcriptome studies of N. benthamiana

immune responses

To provide an overview of typical results obtained from N. benthamiana leaf
transcriptomes in the context of immune responses, | evaluated six recently published
studies (Table 6.1). Two studies analysed leaves infected with hemibiotrophic
pathogens, the fungus Verticillium dahliae and the oomycete Phytophthora palmivora,
monitoring transcriptomes up to 10 dpi and 72 hours post infection (hpi), respectively
(Faino et al., 2012; Evangelisti et al., 2017). Another two studies analysed the infection
with viruses targeting Solanaceous crops or sugar beet, respectively, monitoring
transcriptomes up to 10 or only at 12 dpi (Fan et al., 2014; Geng et al., 2017). A study
investigating the effect of transcription factor overexpression by agroinfiltration at three
dpi also contained empty vector and mock infiltration controls, which are comparable

to our transcriptome described in Chapter 2 (Bond et al., 2016).

The number of transcripts detected in each study depends on the transcriptome
database used. Accordingly, studies using the relatively large transcriptome database
based on the N. benthamiana genome (Faino et al., 2012; Geng et al., 2017; Grosse-
Holz et al., 2017) consistently detect more transcripts than those that consolidated
transcripts into unigenes (Fan et al., 2014; Evangelisti et al., 2017) or used the smaller
Nbv.5 database (Bond et al., 2016). A smaller database increases the power of the
study, because less statistical tests are carried out if less transcripts are potentially
differential, alleviating the impact of multiple testing corrections. N. benthamiana leaf
transcriptomes seem to be relatively stable, with < 15% of transcripts changing in
abundance when a single time point is considered (Faino et al., 2012; Fan et al., 2014;
Bond et al., 2016; Geng et al., 2017) and up to 25 % during time courses (Evangelisti
et al., 2017; Grosse-Holz et al., 2017). In future, the values given in Table 6.1 can be
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used to compute sample sizes needed for envisaged studies. Easily usable online

tools now carry out such calculations (Ching et al., 2014; Blaise et al., 2016).
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Necrotic Yellow Vein .| (Fan et al.,
Virus containing 27,890 2683 |0.05 |- 9.6 12 dpi 2014)
RNA4
infiltrated with (Bond et
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.| al., 2017)
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Table 6.1: Transcriptomes obtained from N. benthamiana leaves. Numbers of
differentials are given for infected vs mock treated leaves, unless specified otherwise.
The 10 dpi TVBMV vs mock comparison is reported for (Geng et al., 2017) and BN34
vs mock for (Fan et al., 2014). dpi/hpi, days/hours post infection; FDR, false discovery
rate. ' 2 the authors did not specify the number of detected transcripts, sizes of the
respective transcriptome databases are given as an estimate.
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As the six studies used five different pathogens, they also shed light on the most basal
features of the N. benthamiana immune response. Decreased transcript levels for the
photosynthetic machinery that we detected in Chapter 2 are also detected upon both
oomycete and viral infection (Fan et al., 2014; Evangelisti et al., 2017; Geng et al.,
2017). Interestingly, the degree to which photosynthesis is shut down is associated
with the severity of viral infection. Beet Necrotic Yellow Vein Virus (BN3) is more
virulent when it contains RNA4 (BN34), which encodes a protein localizing to the host
nucleus (p31) (Rahim et al., 2007; Fan et al., 2014). Transcripts encoding proteins
associated with photosynthesis are depleted upon infection with BN34, but not BN3.
Therefore, p31 either directly or indirectly downregulates expression of the genes
encoding the photosynthetic machinery (Fan et al., 2014). The same pattern was
observed for tobacco vein banding mosaic virus (TVBMV) and a mutant carrying a
non-functional version of silencing suppressor HcPro (TVBMV-HcPro). Infection with
TVBMV causes severe symptoms and a depletion of transcripts encoding proteins
associated with photosynthesis by 10 dpi, while infection with TVBMV-HcPro is less
severe and does not entail a shutdown of photosynthesis (Geng et al., 2017). Both
studies of agro- vs mock infiltrated leaves also report depletion of transcripts encoding
proteins associated with photosynthesis, in accordance with the chlorotic phenotype
of agroinfiltrated leaves. Furthermore, agroinfiltration resulted in increased levels of
transcripts encoding proteins associated with defence, such as LRRs (leucine-rich-
repeat proteins), NLRs (nucleotide-binding oligomerization domain-like receptors) and
WRKY transcription factors (Bond et al., 2016; Grosse-Holz et al., 2017). In summary,
shutdown of the photosynthetic machinery is likely to be part of the basal plant immune
response, as it occurs upon infection with a fungus, an oomycete, A. tumefaciens and

plant viruses.
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6.1.3 Sizing up the N. benthamiana proteome

While transcriptome studies use N. benthamiana quite routinely now, shotgun
proteomics data are still sparse. A few studies used two-dimensional gel
electrophoresis and analysed gel spots by mass spectrometry (Pérez-Bueno et al.,
2004; Goulet et al., 2010b; Villela-Dias et al., 2014), but only one study published
outside of this thesis analysed the whole leaf proteome (Du et al., 2017). In that study,
the elicitin INF-1 from Phytophthora infestans was overexpressed by agroinfiltration.
INF-1 is recognized in planta and triggers cell death by 4 dpi, so the authors chose to
analyse a much earlier time point to capture signalling events (8 hours post
agroinfiltration) (Du et al., 2017). Interestingly, proteins associated with photosynthesis
are nonetheless depleted, indicating that photosynthesis is shut down during immune
responses by both downregulation of gene expression and degradation of the
photosynthetic machinery. The extracellular proteome data described in Chapter 2
show an immune response upon agroinfiltration that is associated with increased
efficiency of extracellular delivery. Datasets | and Il are replicates of each other, with
the important distinction that a time course was sampled in dataset |, while dataset Il
shows a single time point. In Chapter 4, we characterized the changes in complete
proteomes of agroinfiltrated leaves upon overexpression of four different Pls. | here

show the data for NbPRA4.

197



©
3 | &
o | £ § | O
E e | | 5|5
o) o
° ol &) 2 2
s = L - D
@©
ke; = © o °
[0] c (@] (@] Pust
"5 EI_) < < [oR
2 2 4 8 | 5
) = - - °
study setup © © = = >~ | reference
overexpressing INF1 elicitin from
Phytophthora infestans (compared (Du et al.,
to empty vector agroinfiltrated 2,964 | 35 0.05 1.2 1.2 2017)
leaves)
agroinfiltrated, differentials at any (Grosse-Holz
point during time course 2,233 {1,697 | 0.05 |2 76.0 | etal., 2017)
(extracellular proteome |) Chapter 2
agroinfiltrated, differentials at 5 dpi (Grosse-Holz
(extracellular proteome 1) 2,147 | 399 0.05|2 18.6 | etal., 2017)
Chapter 2
overexpressing NbPR4
(compared to P19 agroinfiltrated 3,349 | 56 0.05 |2 1.7 | Chapter 4

leaves)

Table 6.2: Proteomes obtained from N. benthamiana leaves. Numbers of
differentials are given for infected vs mock treated leaves, unless specified otherwise.

Together, shotgun proteomics datasets of N. benthamiana indicate that ~ 3000
proteins are usually detected in whole leaves. If the treatment consists in
overexpression of a single protein, less than 5 % of detected proteins change in
abundance (Table 6.2). If the extracellular sub-proteome is analysed, changes are
much more drastic, likely because protein levels depend on extracellular delivery in
addition to transcription, translation and turnover. Especially during a time course, the
proteome can thus expand massively (Chapter 2). For design of future studies, this
implies that where overexpression of a single protein is to be studied in whole leaf
proteomes, a sufficient number of replicates needs to be generated to detect the
relatively subtle effects expected. Conversely, where a sub-proteome is analysed, the

effect size can be expected to be larger and less replicates may be sufficient.
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In context with the literature, the data from this thesis provides useful indications for
experimental design and reveals commonalities in immune responses to a range of
pathogens. N. benthamiana has thus advanced considerably on the path towards
becoming a model organism in recent years, partly through our efforts. As omics level
datasets for N. benthamiana become more abundant, true meta-analyses will be
possible. Analogous to the core PLCP repertoire of agroinfiltrated leaves, a core
defence machinery could then be defined in N. benthamiana by combining omics data

on different immune responses.
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6.2 The future of molecular farming

6.2.1 Resolving the degradation bottleneck with a combined effort

Given the dynamic protease network responsible for RP degradation, it is likely that
combinations of RP stabilizing tools will be needed to enhance RP accumulation to
the level required for commercial viability. | here discuss how we combined Pls, how
the full potential of Pls may be exploited through more sophisticated ways of
combining them and how Pl co-expression could be interlinked with other measures

to boost RP levels.

In Chapter 4, we provide three novel Pls that enhance RP accumulation upon co-
expression and combine them with each other and with SICYS8. NbPR4, NbPot1 and
HsTIMP can act together to enhance RP accumulation, but each Pl has a dose-
dependent effect: A higher proportion of Agrobacteria delivering Pl-encoding T-DNA
in the agroinfiltration mixture leads to higher RP accumulation. It thus seems that PI
expression levels are insufficient for each PI to reach its full potential in blocking

protease activity.

This bottleneck might be overcome by co-expressing the mix with silencing suppressor
P19 to ensure high transcript levels (van der Hoorn et al., 2003) or by using viral
genome elements that lead to hypertranslation (Sainsbury & Lomonossoff, 2008;
Sainsbury et al., 2009). Transgene replication in planta, achieved by flanking the
transgene with viral genome elements to generate a replicating vector, could also help
deliver sufficient amounts of transgene. However, co-expressing multiple proteins is
then a challenge, as different viral vectors compete with each other for replication
(Gleba et al., 2005). Non-competing viral vector systems exist (Giritch et al., 2006),

but would have to be adapted to co-expression of multiple Pls with an AB. To
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circumvent competition issues and to decrease total gene expression cost, several Pls
could be combined into engineered multidomain proteins. Multidomain Pls have been
generated to inhibit the gut proteases of plant parasitic nematodes and insects (Urwin
et al., 1998; Outchkourov et al., 2004). A critical point in the design of multidomain Pls
is the choice of the right peptide linker. NbPR4, NbPot1 and HsTIMP lost their RP
accumulation-enhancing function when expressed with fusion tags in preliminary
experiments. We thus assume that N- and C-termini of the Pls are important for
protease interaction, indicating that a cleavable linker should be envisaged. Self-
cleaving linkers have recently been developed from inteins, protein domains that post-
translationally remove themselves from a peptide chain without any remainder (Zhang
et al., 2017). However, conformationally flexible glycine linkers that do not remove
themselves can also enhance stability of the fusion protein (Outchkourov et al., 2004),
indicating some experimentation may be warranted. An additional strategy to avoid
competition between different transgenes for delivery and/or expression is to generate
stable plant lines expressing a Pl that can then be agroinfiltrated to produce RPs (Pillay
et al., 2012). To minimize the Pl gene expression cost in stable transgenic lines, Pls
or multi-P1 fusion proteins could be expressed under promoters that are known to be
induced upon agroinfiltration. Such promoters may be found in the genes whose
corresponding transcripts first increased in abundance at 2 dpi and were highly

abundant in our transcriptome dataset (Chapter 2, see supplementary table ES2.04).

Along with Pls that can be combined with each other, the molecular farming
community has different tools at hand that could jointly protect RPs from proteolysis.
Genetic depletion of proteases may be part of the design for optimized molecular
farming plant lines. Combined depletion of four proteases (one Asp, Ser, Cys and

metalloprotease each) by gene silencing in tobacco cell suspension cultures enhanced

201



the accumulation of the anti-HIV antibody 2F5 fourfold (Mandal et al., 2014). Multiple
proteases can thus be depleted without fithess costs that negatively impact RP
production. Obvious targets are the PLCPs that SICYSS8 inhibits (Chapter 5) and
abundant, secreted aspartic proteases for which we do not currently have Pls.
Preliminary gene silencing experiments could indicate whether depletion of these
enzymes can enhance RP accumulation before protease knockout lines are
generated. A more general approach is to modify the cellular environment and create
suboptimal conditions for proteases. For instance, the pH of the golgi has been
increased by expression of the influenza ion channel M2 in agroinfiltrated N.
benthamiana and co-expression with M2 increased accumulation of an acid-
susceptible fusion protein (Jutras et al., 2015). This approach could be combined with
Pls targeting the remainder of the protease repertoire that is still active at higher pH,
such as some subtilases (Rawlings, 2016). Antibodies can be engineered to remove
the sites most susceptible to protease cleavage (Zischewski et al., 2016; Hehle et al.,
2016) and these stabilized antibodies could be combined with Pls to block remaining

degradation.

Beyond tackling protease activity and proteolytic degradation directly, RP yields have
also been improved by increasing plant growth rates and decreasing proteome
complexity. Although most plant growth optimization probably happens behind the
intellectual property barriers of molecular farming companies, some data on adjusting
humidity, light and temperature have been published (Fujiuchi et al., 2016). To simplify
downstream processing, plants have been treated with the defence hormone methyl-
jasmonate (MeJA) to reduce rubisco levels (Robert et al., 2015). This is
counterintuitive at first, as plant immune responses are known to increase protease

activity (Shabab et al., 2008; Esse et al., 2008; Sueldo et al., 2014). MeJA treatment
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would thus be expected to hamper RP stability. However, MeJA treatment did not
drastically increase overall proteolytic activity, in accordance with our data that show
no drastic protease upregulation during the immune response upon agroinfiltration in
N. benthamiana (Grosse-Holz et al., 2017). Decreasing proteome complexity by timely

depletion of rubisco can thus increase the yield of purified RPs.

In summary, a wide variety of tools to increase RP yields are now available and their
potential has separately been demonstrated. In the right combination, these tools will
likely resolve the degradation bottleneck and boost RP accumulation beyond the

critical threshold of economic viability.

6.2.2 Molecular farming and global health

Commercialisation of molecular farming using agroinfiltrated N. benthamiana as a fast
and flexible biopharmaceutical production platform has progressed in recent years. In
the us, Kentucky BioProcessing (Kentucky BioProcessing Inc,
kentuckybioprocessing.com, Owensboro KY, USA) manufactured the antibodies of
the Zmapp cocktail that have been used successfully to treat Ebola in primates and
are being tested in humans (Qiu et al., 2014, ClinicalTrials.gov NCT02363322, 2017;
ClinicalTrials.gov  NCT02389192, 2017). The Canadian company Medicago
(Medicago Inc, Quebec, Canada; medicago.com) is funded by the US Defense
Advanced Research Projects Agency (DARPA) to develop pandemic response
strategies (DARPA, 2012). In Europe, Icon Genetics (lcon Genetics GmbH,
Halle/Saale, Germany; icongenetics.com) holds a family of patents covering the virus-
based transient expression system magnlCON® and has collaborated with university

research groups to produce biopharmaceuticals for clinical studies (Tusé et al., 2015).
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The British company Leaf Expression Systems (Leaf Expression Systems
International Ltd, Norwich, UK; leafexpressionsystems.co.uk) has won several grants
to develop and produce different biopharmaceuticals together with university research
groups. In summary, a robust agroinfiltration-based molecular farming industry is

growing in countries of the global north.

However, a prevailing claim in the molecular farming community is that plant
expression platforms will help improve global health, specifically access to vaccines
and treatments in developing countries. This claim is based on three assumptions.
The first assumption is that molecular farming will make biopharmaceuticals cheaper
and thus charities or government programmes will be able to treat more people. The
second assumption is that vaccines could be produced in edible plant parts, which can
be minimally processed, stored at high temperatures for a long time and then confer
immunity upon ingestion (Pascual, 2007). Such edible vaccines would simplify the
workflow of charities or government programmes, which would in turn reach more
people. The third assumption is that plant-based biopharmaceutical production would
be easy to implement locally, fostering the independence of developing countries from
international aid programmes (Rybicki et al., 2013). | will briefly discuss how progress
in recent years has shed light on the prospects of molecular farming to improve global

health.

The potential cost advantage of molecular farming critically depends on resolving the
degradation bottleneck. As outlined above, the tools presented in this thesis and
elsewhere will likely resolve this bottleneck if combined in the right way. However, for
decreased manufacturing costs to translate into improvements in global health,
cheaper medicines must actually be an effective way to improve global health.
Organisations that very cost-effectively further global health according to the charity
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evaluator GiveWell (www.givewell.org) report spending ~ 1/4 of their annual budget
on the medicines they use (GiveWell, 2017a,b), with the remainder covering labour,
facilities and other material costs. Cheaper medicines might thus help reach more
people. However, decreasing the cost of the logistics needed to administer vaccines
or treatments is likely to have a bigger impact on the number of people reached by the

most effective global health charities, which here serve as a proxy for the sector.

Edible vaccines could simplify the logistics of global health projects, as they do not
depend on the cold chains and sterile injection by medical personnel that make
vaccination campaigns difficult and expensive. Indeed, animals have been immunized
against enterotoxic E. coli and Norwalk viruses by consuming dried maize seeds or
tomato fruit expressing an antigen from the respective pathogen (subunit vaccine)
(Streatfield et al., 2002; Zhang et al., 2006). These results are promising, but no edible
vaccine has yet reached clinical trials in humans. This lag in development seems to
be due to strict regulations regarding dosage control. Delivering a defined dose in
minimally processed plant tissue is a challenge because RP accumulation levels in
plant tissues vary too much (Arntzen, 2015). Dosing issues might be overcome if the
degradation bottleneck is resolved and RP levels become more stable as a result.
However, the benefits of edible vaccines would then likely be limited to some
pathogens that infect humans via mucosal tissues. Protection from many pathogens
requires immune responses in the blood and lymph systems throughout the body
(systemic immunity). Edible vaccines elicit mucosal immune responses in the intestine
and must be combined with injected “boosters” to achieve systemic immunity. Animals
have been protected from the pathogens Plasmodium falciparum (malaria), Vibrio
cholerae (cholera) and Yersinia pestis (plague) using subunit vaccines produced in

transgenic chloroplasts of tobacco. However, combination with an injectable booster
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was required in all cases (Arlen et al., 2008; Davoodi-Semiromi et al., 2010). In
summary, it may be possible to make edible vaccines in controlled doses if RP levels
are stabilized in crop plants. Edible vaccines could then confer mucosal immunity
alone and systemic immunity in combination with injectable boosters. In many cases,

cold chains and needles would thus still be needed.

Progress towards local implementation of molecular farming has been made in Brazil,
South Africa and Argentina. Research groups in these regions have developed plant-
produced vaccines against viral infections for both humans and livestock (Rybicki et
al., 2013). Multiple candidate vaccines required by the regional market are thus in pre-
clinical stages of the drug development pipeline. The production capacities needed for
clinical trials and commercialisation are following suit, with public-private partnerships
ongoing in Brazil and envisaged in South Africa. In Brazil, the molecular farming
platform provider iBiolnc (New York, US) has agreed with both state authorities and
the local company Fiocruz/Bio-Manguinhos (Rio de Janeiro, Brazil) to build a complete
agroinfiltration-based facility and produce a yellow fever vaccine (IBIO, 2017a). A
similar partnership is being established in South Africa, with exploratory negotiations
under way (IBIO, 2017b). In summary, empowerment of developing nations through
molecular farming seems possible. To determine whether transferring molecular
farming technologies is a particularly effective way to foster local healthcare and
science, however, the outcomes would need to be compared to projects that pursue

the goal of empowerment by other means.

In summary, technology transfer of molecular farming is progressing and promises to
empower developing nations, which may entail positive side effects on global health.
However, direct global health interventions seem to be limited by the cost of logistics
rather than the cost of the medicines they use and edible vaccines will not abolish the
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need for cold chains and needles because they only confer mucosal immunity unless
used with an injectable booster. Therefore, if one seeks to improve global health and
is agnostic concerning the means of doing so, there are likely more promising
opportunities than developing molecular farming. The technology nonetheless has its

place in a diverse portfolio of epidemic response strategies, as outlined in Chapter 1.

6.3 Conclusions

This work stands at an interface between applied and basic plant science. | uncovered
a large, diverse repertoire of proteases and then addressed this complexity using PI
overexpression. By blocking the activity of presumably many different proteases, |
succeeded in enhancing RP accumulation. Remarkably, my results indicate that a
redundant protease network degrades RPs and degradation is, to some extent, a
universal process across different RPs. | have uncovered some of the nodes in the RP
degrading protease network by identifying the targets of SICYS8. Identification of the
targets of the other Pls will further enhance our understanding of how and where RPs

are degraded.
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6.4 Supplementary information

a) proteomics data obtained in this thesis
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b) IDs of detected N. benthamiana PLCPs
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Figure 6S.01 Papain-like Cys proteases (PLCPs) in agroinfiltrated N.
benthamiana leaves detected across different MS experiments. a) overview of MS
datasets. AF, apoplastic fluid (extracellular proteome); TE, total leaf extract; dpi, days
post infiltration. b) N. benthamiana PLCP subfamilies, named according to the PLCP
tree in Figure 2.5. Ticked proteins are part of a protein group (among the Maijority
Protein IDs) that was detected in all three replicates of agroinfiltrated leaves (proteome
datasets, blue) or active in agroinfiltrated leaves (activity-based proteome datasets,
orange). Previously studied enzymes are named according to: 1) Paireder et al, 2017;
2) Hao et al, 2006; 3) Gilroy et al, 2007; 4) Niemer et al, 2016. The complete
comparison of MS datasets is in Supplemental File ES6.01.

Electronic supplementary information

Electronic supplementary information included with the thesis: File ES6.01
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Summary

Infiltration of disarmed Agrobacterium tumefaciens into leaves of Nicotiana benthamiana
(agroinfiltration) facilitates quick and safe production of antibodies, vaccines, enzymes and
metabolites for industrial use (molecular farming). However, yield and purity of proteins
produced by agroinfiltration are hampered by unintended proteolysis, restricting industrial
viability of the agroinfiltration platform. Proteolysis may be linked to an immune response to
agroinfiltration, but understanding of the response to agroinfiltration is limited. To identify the
proteases, we studied the transcriptome, extracellular proteome and active secretome of
agroinfiltrated leaves over a time course, with and without the P19 silencing inhibitor.
Remarkably, the P19 expression had little effect on the leaf transcriptome and no effect on the
extracellular proteome. 25% of the detected transcripts changed in abundance upon
agroinfiltration, associated with a gradual up-regulation of immunity at the expense of
photosynthesis. By contrast, 70% of the extracellular proteins increased in abundance, in many
cases associated with increased efficiency of extracellular delivery. We detect a dynamic
reprogramming of the proteolytic machinery upon agroinfiltration by detecting transcripts
encoding for 975 different proteases and protease homologs. The extracellular proteome
contains peptides derived from 196 proteases and protease homologs, and activity-based
proteomics displayed 17 active extracellular Ser and Cys proteases in agroinfiltrated leaves. We
discuss unique features of the N. benthamiana protease repertoire and highlight abundant
extracellular proteases in agroinfiltrated leaves, being targets for reverse genetics. This data set
increases our understanding of the plant response to agroinfiltration and indicates ways to
improve a key expression platform for both plant science and molecular farming.

Introduction

Agroinfiltration of Nicotiana benthamiana (a relative of tobacco)
is widely applied to transiently express proteins, either as
biopharmaceutcials, for other industrial use or to study their
functions. Agroinfiltration is based on the transient genetic
manipulation of leaves by infiltration with disarmed Agrobac-
terium tumefaciens (Agrobacterium) carrying gene(s) of interest
on the transfer DNA (T-DNA) of binary plasmid(s) (Bevan, 1984).
Agrobacterium delivers the T-DNA to the nucleus of its host plant,
where genes are expressed within a few days upon agroinfiltra-
tion. Co-expression of several transgenes is simply achieved by
mixing Agrobacterium cultures delivering these different trans-
genes before agroinfiltration. Co-expression with silencing
inhibitor P19 is frequently used to boost protein overexpression
by preventing the decline of the transgene transcript levels (Van
der Hoorn et al., 2003).

The versatility and potential of agroinfiltration are illustrated by
many use cases. For instance, production of biopharmaceuticals

(molecular farming) (Stoger et al., 2014) in agroinfiltrated
N. benthamiana offers speed, scalability and low risk of contam-
ination with human pathogens when compared to classical insect
or mammalian cell culture systems. An agroinfiltration-based
expression platform can now deliver ten million doses of the latest
influenza vaccine within a record time of 6 weeks (Pillet et al.,
2016). Large-scale agroinfiltration has also produced many
different functional monoclonal antibodies (Yusibov et al.,
2016), including the Ebola neutralizing drug ZMapp (Qiu et al.,
2014). Transient, spatially restricted overexpression of synthetic
biology building blocks can shift plant secondary metabolism
towards valuable products with minor impact on fitness (Nielsen
et al., 2013). Along similar lines, pathogen-derived effectors that
would likely have severe phenotypic effects if expressed in stable
lines have been studied by agroinfiltration (Bos et al., 2006;
Dagdas et al., 2016; Petre et al., 2016). Speed and simplicity of
agroinfiltration are leveraged for high-throughput screening of
fluorescently tagged proteins to study their subcellular localiza-
tion (Martin et al., 2009).
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Although agroinfiltration is a widely used tool, remarkably
little is known about how N. benthamiana responds to agroin-
filtration. Agrobacterium elicits immune responses, including the
induction of pathogenesis-related (PR) genes and the accumu-
lation of extracellular PR proteins (Goulet et al., 2010; Pitzschke,
2013; Zhou etal., 2017). As in other plants, this immune
response reduces subsequent pathogen infections (Li et al.,
2017; Rico et al., 2010; Robinette and Matthysse, 1990; Sheikh
etal, 2014) and may limit transgene delivery. Transgene
delivery in older, flowering N. benthamiana is limited due to
the perception of Agrobacterium cold-shock protein (Saur et al.,
2016). In younger plants, which are used for agroinfiltration,
responses are elusive. Furthermore, the impact of silencing
inhibitor P19 on the response to agroinfiltration and its timing
are unresolved.

We focus on extracellular proteases, as they may limit the
accumulation of recombinant proteins (RPs) passing through the
secretory pathway to become glycosylated. Proteolytic degrada-
tion is a bottleneck on the way to industrial viability of
agroinfiltration (Mandal et al., 2016). Indeed, RP degradation
can occur in the extracellular space (Hehle et al., 2011) and
proteolysis hampers yield and purity of biopharmaceuticals
produced in N. benthamiana (Hehle et al., 2015; Mandal et al.,
2014; Niemer et al., 2014). Papain-like Cys proteases can
degrade RPs in vitro (Paireder et al, 2016, 2017), but the
proteases degrading RP in planta are unidentified. Extracellular
proteases commonly accumulate in leaves during immune
responses. The extracellular tomato Ser protease P69 and Cys
proteases Pip1 and Rcr3, for example, accumulate upon
infection with viroids, oomycetes, fungi and bacteria (Jorda
et al.,, 1999; Kaschani et al.,, 2010; Tian et al., 2004). Tran-
scripts and proteins corresponding to proteases also accumulate
in Arabidopsis infected with Pseudomonas (Xia et al., 2004;
Zhao et al.,, 2003), and extracellular Ser and Cys protease
activities increase in tomato upon fungal infection with
Cladosporium fulvum (van Esse et al., 2008; Sueldo et al.,
2014). These examples indicate that activity and/or abundance
of extracellular proteases, especially Ser and Cys proteases, may
increase in N. benthamiana upon agroinfiltration, linking prote-
olytic RP degradation to plant immunity. Therefore, both
comprehensive annotation of the N. benthamiana protease
repertoire and improved understanding of the response to
agroinfiltration are needed to limit undesired proteolysis. RP
accumulation has been increased by depleting proteases by
knockdown in rice cell cultures (Kim et al, 2008) and in
Nicotiana tabacum (Duwadi et al., 2015; Mandal et al., 2014)
and protease inhibitor overexpression in N. benthamiana
(Goulet et al.,, 2012; Sainsbury et al., 2013). These studies
indicate that once targets are identified, protease depletion
could improve agroinfiltrated N. benthamiana as a protein
expression platform.

Here, we investigated how RP production may be affected by
the immune response to agroinfiltration, especially immune
proteases. Time-resolved leaf transcriptome and extracellular
proteome data sets of agroinfiltrated leaves revealed an immune
response that is mounted at the expense of photosynthesis and
not affected by P19. We analysed the exceptionally large
N. benthamiana protease repertoire in the context of other plant
proteases and identified active Ser and Cys proteases. Taken
together, the data will advance strategies to improve transient
protein expression by engineering plant immunity and depleting
proteases.

Results and discussion

To characterize agroinfiltrated N. benthamiana leaves, we infil-
trated N. benthamiana leaves with wild-type A. tumefaciens
GV3101-pMP90 (no binary vector, WT), Agrobacterium P19 (T-
DNA encoding viral silencing suppressor P19 (Chapman et al.,
2004), P19) or buffer (mock treatment). We took samples at two,
five, seven and 10 days postinfiltration (dpi) and quantified
transcripts, extracellular proteins and extracellular protein activity
using RNAseq, label-free quantification mass spectrometry (MS)
and activity-based proteomics (activity-based protein profiling
coupled to mass spectrometry, ABPP-MS) (Figure 1).

During a first annotation of the transcriptome and proteome
data, we observed that well-known proteases including papain-
like Cys proteases (PLCPs, MEROPS family C01) and subtilases
(family S08) often appeared truncated or lacked conserved
domains in the Niben101 proteome database (https://solge
nomics.net/). To obtain a database with protease families that
are adequately annotated for the evaluation of transcriptomics
and proteomics experiments, we compared four N. benthami-
ana proteome databases and manually curated the proteases in
the best database (described in detail in Appendix S1). Searching
the extracellular proteome MS spectra with our curated
proteome, we identified peptides corresponding to 30 proteins
more than with the best published database, showing that the
curation improved interpretation of experimental data
(Appendix S1).

The N. benthamiana response to agroinfiltration

The P19 silencing suppressor has minor effects on the
transcriptome and no effect on the extracellular proteome of
N. benthamiana

To assess how N. benthamiana responds to agroinfiltration and
how silencing suppression affects these responses, we sequenced
mRNA from WT agroinfiltrated, P19 agroinfiltrated and mock-
infiltrated leaves. Euclidean distance clustering revealed that
transcriptomes from agroinfiltrated samples cluster together by
time point regardless of whether WT or P19 bacteria were
present (Figure 2a). Surprisingly, only 0.75% of all detected
transcripts (569/75802) differed significantly in abundance at any
time point between WT and P19 agroinfiltrated leaves (Table S1).
Among the differentials is the transcript encoding P19, which was
very abundant up to 7 dpi and slightly decreased in abundance at
10 dpi, potentially because older leaves are less transcriptionally
active (Figure S1). Transcripts encoding components of the
silencing machinery such as members of the Argonaute PFAM
family were significantly enriched among the transcripts with
differential abundance between P19 and WT agroinfiltrated
leaves, but most of the differential transcripts (404 of 569) are
not annotated (Figure S1 and Table S2). There were no significant
differences between extracellular proteomes from WT and P19
agroinfiltrated leaves at any time point (Table S3). We thus
compare agroinfiltrated (WT and P19) to mock-infiltrated leaves
for further analysis.

Agroinfiltration induces leaf transcriptome changes associated
with immune responses

Of all detected transcripts (n = 75 802), 24.6% (n = 18 648)
significantly changed more than twofold in abundance at any
time point and were thus considered differential in abundance.
Among the differentials, the biggest category (n = 4849) is that
of transcripts increasing in abundance for the first time at 2 dpi
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Figure 1 Experimental setup. Leaves of
Nicotiana benthamiana were infiltrated with
Agrobacterium GV3101-pMP90 without any T-
DNA plasmid (WT) or carrying a plasmid for P19
expression (P19) or with buffer (mock).
Abbreviations: dpi, days postinfiltration; RNAseq,
mRNA sequencing; AF, apoplastic fluid; MS,
protein mass spectrometry; ABPP, activity-based
protein profiling.

(6.4% of the transcriptome) (Figure 2b, Table S4, Appendix S2).
In this category, transcripts encoding proteins associated with
immunity are overrepresented (representatives in Figure 2b,
complete lists in Table S5). This includes transcripts encoding
LRR (leucine-rich repeat) domain containing receptors such as the
recently identified receptor for Agrobacterium cold-shock protein
NbCSPR (Niben1015cf03240g00007) (Saur et al., 2016), as well
as signalling components carrying NB-ARC (nucleotide-binding
adaptor shared by Apaf-1, resistance proteins and CED-4) and
WRKY domains. Among the categories of transcripts whose
abundance first increases at 5 or 7 dpi, transcripts encoding Myb
transcription factors and serpins, LRRs and xylanase inhibitors are
overrepresented. Besides transcripts encoding proteins associated
with immune signalling and first-line defence, we detected a 4.5-
fold average decrease in abundance of 13 transcripts encoding
SWEET sugar efflux transporters, which may decrease the nutrient
content of the extracellular space to control bacterial growth
(Chen, 2014). Differential abundance of transcripts encoding
both generators and quenchers of reactive oxygen species, as well
as increased accumulation of transcripts encoding cytochrome
P450 enzymes, shows that the plants are stressed upon agroin-
filtration. Transcripts encoding members of the photosynthetic
machinery and assimilatory metabolism in general are enriched
among the transcripts decreasing in abundance from 2 dpi
onwards, explaining the chlorotic phenotype of agroinfiltrated
leaves (Pruss et al, 2008). Among the transcripts detected
constantly, transcripts encoding for housekeeping proteins like
members of the ubiquitin-proteasome system and helicases are
overrepresented. In summary, agroinfiltration is associated with
an immune response mounted at the expense of photosynthesis.

Diversity and abundance of extracellular proteins increase
upon agroinfiltration

We evaluated the effect of agroinfiltration on the extracellular
proteome of N. benthamiana because the leaf extracellular space

transcriptome

et

2 dpi 5 dpi 7 dpi 10 dpi
n =36
\ samples
AF isolation AF isolation
RNAseq MS ABPP-MS
] ]
T EP A

extracellular active extracellular
proteome proteome

® O

is the target site for glycoprotein accumulation in molecular
farming, as well as the primary site of interaction with Agrobac-
terium and thus a promising site for improvement of the transient
expression platform. Of all N. benthamiana proteins for which we
identified extracellular peptides (n = 2233 protein groups as
defined by MaxQuant (Tyanova et al., 2016)), the vast majority
(n = 1697, 75.9%) changed significantly and more than twofold
in abundance and were thus considered differential in abun-
dance. Among these differentials, most (n = 1572, 92.6%)
increased in abundance upon agroinfiltration (Figure 2c,
Table S6, Appendix S3). The increase in the extracellular
proteome was mirrored by a corresponding increase in protein
concentration in apoplastic fluid (AF) from agro- but not mock-
infiltrated samples (Figure S2). Abundant intracellular housekeep-
ing proteins such as actin, helicases and phosphofructokinases are
overrepresented in the category of proteins that first increased in
abundance at 10 dpi (n = 567), indicating that the interaction
between N. benthamiana and Agrobacterium leads to cell
content leakage at this late stage. Leakage may occur in vivo
and during apoplastic fluid extraction.

Among proteins that first increased in abundance at 2 and
5 dpi, hydrolytic enzymes and inhibitors are overrepresented
(Figure 2c and Table S7). This includes classical defence proteins
such as xylanase inhibitors, chitinases (GH18) and pathogenesis-
related protein 2 (PR2, a GH17 glucanase) (Cosgrove, 2016). PR2
accumulation upon agroinfiltration is consistent with an earlier
study (Goulet et al., 2010). Cell wall remodelling xyloglucan
endotransglycolases/hydrolases (GH16) and versatile 106 a-amy-
lase/Ser protease inhibitors may contribute indirectly to plant
defence. Family CO1 proteases (PLCPs) are overrepresented in the
small category of proteins that first decreased in abundance at
10 dpi. Thus, N. benthamiana extracellular PLCPs do not increase
as strongly and persistently in abundance upon agroinfiltration as
tomato extracellular PLCPs do upon pathogen challenge (van Esse
et al.,, 2008). In contrast, PLCPs may localize to intracellular
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Figure 2 The immune response to agroinfiltration entails an increase in the extracellular proteome and is not affected by P19 overexpression. (a) Euclidean
sample distances between the transcriptomes obtained from all 36 samples. Samples were ordered by hierarchical clustering based on the sample
distances. (b, ¢): Transcripts (b) or proteins (c) were grouped by when their abundance first changed significantly (Wald test for transcripts, Student’s t-test
for proteins; Benjamini-Hochberg (BH) adjusted P < 0.05) and more than twofold in (WT and P19) agroinfiltrated samples compared to mock-infiltrated
samples. Annotations given above the circles are representatives of the PFAM families that are significantly (Hypergeometric test, BH-adjusted P < 0.05)
overrepresented in the respective regulatory category compared to all detected transcripts (b) or proteins (c). Protein groups for which corresponding
peptides were identified are counted as one protein. (d) Activity of extracellular PLCPs and Ser hydrolases was assayed by ABPP-MS at 5 dpi, counting each
protein group for which peptides were identified as one active protein. Proteins were grouped by whether they were enriched in the WT agroinfiltrated
samples, controls or both (t-test probe sample vs no-probe control, BH-adjusted P < 0.1). Differences in abundance between agroinfiltrated samples and
controls were not significant in any case. Only proteins annotated as SHs or PLCPs are included in the figure. Full data sets are given in Tables S4 and S5
(a&b), S6 and S7 (c) and S11 (d). The R code to generate the figures is given in Appendices S2 (a, b), S3 (c) and S5 (d).
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compartments as shown for RD21 in Arabidopsis (Hayashi et al.,
2001) or may be degraded in the extracellular space. Invertase/
pectin methyl esterase (PME) inhibitors are overrepresented both
in the category of proteins first increasing at two and in the
category of proteins first decreasing at 5 dpi in abundance.
Invertase inhibition upon agroinfiltration thus appears to be
transient, and indeed, invertases (GH32) are overrepresented in
the category of proteins first increasing in abundance at 7 dpi.
Plant invertases cleave the transport sugar sucrose, providing vital
nutrients to sink tissues (Goetz et al., 2001). The chlorotic
agroinfiltrated leaves may be less photosynthetically active and
lose nutrients to the bacteria, turning them from a source into a
sink organ. Some members of the GH32 family degrade
extracellular polysaccharides from pathogens (Limoli et al.,
2015), suggesting that GH32 family members may promote both
nutrition and defence in agroinfiltrated leaves. GH3 a-xylosidases
are overrepresented in both the category of proteins first
decreasing in abundance at 2 dpi and in the category of proteins
with constant abundance. Some GH3 family members act in cell
wall remodelling and others locally adjust auxin concentrations as
auxin-amido synthetases (Shigeyama et al., 2016; Zheng et al.,
2016). This dual role may explain why GH3 members are
overrepresented in both regulatory categories. Along with
hydrolases and inhibitors, peroxidases and thioredoxins are
overrepresented in several regulatory categories. These modula-
tors of ROS levels facilitate both immune signalling and cell wall
remodelling by extracellular ROS (lvanchenko et al., 2013).

Besides plant proteins, we also identified peptides from
bacterial proteins in the extracellular proteome of agroinfiltrated
leaves. In fact, Agrobacterium proteins make up a quarter of the
extracellular proteins in agroinfiltrated samples (738 bacterial vs
2233 plant proteins) and appear to mostly function in providing
nutrients to the bacteria. Highly abundant bacterial proteins are
ABC transporters, cytochrome P450 proteins and porins. This may
include cytoplasmic bacterial proteins released into the extracel-
lular proteome upon cell death or during the extraction of
apoplastic fluid. We identified peptides corresponding to 17
different Agrobacterium proteases, including six Ser proteases, in
the extracellular space (Table S8), but did not identify peptides
from bacterial proteases using ABPP-MS.

Ageing of leaves irrespective of their treatment during our 10-
day time course is associated with induction of defence and
decrease in primary metabolism. 18.9% of detected transcripts
and 6.5% of identified extracellular proteins changed significantly
in abundance over time independent of the treatments. Analysis
of predicted functions overrepresented among the changing
transcripts and proteins suggests that while PLCPs, P450-domain-
containing proteins and PR proteins accumulate, components of
the photosynthetic machinery, histones and cytoskeleton ele-
ments decrease in abundance (R code in Appendix 5S4, data in
Tables S9 and S10).

The repertoire of active extracellular PLCPs and Ser hydrolases
is modulated, but not drastically expanded upon
agroinfiltration

We next investigated extracellular hydrolase activity to identify
active candidate proteases for depletion, focusing on Ser and
Cys proteases because plant immune responses often result in
increased abundance and activity of these protease classes and
Cys proteases can degrade biopharmaceuticals in vitro (Paireder
et al., 2016, 2017). We performed activity-based protein pro-
filing (ABPP) with probes targeting papain-like Cys proteases
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(PLCPs) and serine hydrolases (SHs) (Greenbaum et al., 2002;
Kaschani et al., 2009). Both probes consist of a specific inhibitor
that covalently binds the active site of their respective targets, a
linker and a biotin tag used for enrichment of active enzymes
from extracellular proteomes prior to MS analysis. Both probes
have been validated in plants using target detection, genetic
target depletion and inhibition of probe binding with indepen-
dent protease inhibitors, confirming that reactivity to the probe
indicates the availability of the active site and thus enzyme
activity (Kovacs and van der Hoorn, 2016). We focused on 5 dpi
when the response to agroinfiltration is fully developed. We
identified peptides corresponding to two PLCPs and 29 SHs, 17
of which are proteases that were enriched from the extracellular
proteome using ABPP-MS. (Figure 2d). The abundance of
peptides corresponding to one Clade Il and one Clade Ill SCPL
was increased upon agroinfiltration, indicating increased activity
and/or abundance. In contrast, peptides corresponding to an
RD21-like PLCP were only identified in ABPP-MS samples from
mock-infiltrated plants, indicating depletion of enzyme activity
upon agroinfiltration. The abundance of extracellular peptides
from this PLCP remained constant upon agroinfiltration at 5 dpi,
suggesting a post-translational regulatory mechanism. We iden-
tified peptides corresponding to six subtilases (one SBT5 and five
SBT1 subtilases, including the proteins clustering with tomato
P69), seven SCPLs (two Clade IB, three Clade I, four cade Il
and one aleurain-like PLCP with similar abundance in both agro-
and mock-infiltrated samples, indicating that activity of these
enzymes remains constant upon agroinfiltration. This is surpris-
ing, as in tomato, active extracellular subtilases and PLCPs
drastically increase in abundance and diversity during immune
responses (van Esse et al, 2008; Sueldo et al., 2014). Besides
the proteases, we identified peptides corresponding to 14
additional SHs annotated as lipases and esterases. Peptides from
three GDSL lipases (containing a GDSL sequence motif)
increased in abundance upon agroinfiltration, while peptides
from one GDSL-lipase decreased. Adjustment of extracellular
GDSL-lipase activity may contribute to immune signalling, as
lipases regulate salicylic acid as well as ethylene signalling in
Arabidopsis (Falk et al., 1999; Kim et al., 2013b) and upon
powdery mildew infection, lipase-encoding transcripts accumu-
late in grapevine (Szalontai et al., 2012) (R code in Appendix S5,
data in Table S11).

The extracellular proteome and active secretome is under
post-transcriptional and post-translational control

Having transcriptome, extracellular proteome and active secre-
tome data creates a unique opportunity to detect discrepancies
in abundance changes between transcripts, total extracellular
proteins and active extracellular proteins. To assess how much
post-transcriptional regulation shapes the extracellular pro-
teome, we compared the fold changes of extracellular protein
abundance and transcript abundance at 5 dpi, when the
response to agroinfiltration is fully developed (Figure 3a,
Appendix S6, Table S12). The extracellular protein (EP) was
increased more or decreased less in abundance than its
corresponding transcript (T) for 215 (9.7%) of the 2226
extracellular proteins for which we detected the corresponding
transcript (significant difference between the fold changes,
EP > T). Among these proteins are two PR1 proteins, eight PR2
glucanases and two P69-like subtilases (PR7). This finding
indicates that the immune response is accompanied by efficient
extracellular protein delivery, as previously suggested based on
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transcriptional up-regulation of the secretory pathway during N. benthamiana deploys a large, diverse repertoire of
immunity (Wang et al, 2005). More efficient extracellular proteases in agroinfiltrated leaves

delivery may be accompanied by enhanced stability of the
secreted proteins. In addition to classical PR proteins, two PLCPs
(one XCP and one RD19-like) and three pepsin-like aspartic
proteases appeared efficiently delivered to the extracellular
space with EP > T, suggesting they may be candidate immune
proteases. Only 45 extracellular proteins (2.0%) increased less or
decreased more in abundance than expected from their
transcript level changes (EP < T).

Interestingly, for 23 of the 31 active enzymes for which we also
detected the extracellular protein (74.2%), abundance of the
active protein (A) increased more or declined less than expected
based on changes in total extracellular protein abundance
(A > EP) (Figure 3b, Supporting Table S13). This suggests that
hydrolase activity is frequently post-translationally controlled.
Among the proteins with A > EP are four subtilases, three of
which contain 109 domains and are thus likely activated by
cleavage upon agroinfiltration. Activation by cleavage may
explain why abundance of all active subtilases remained constant,
while total protein abundance decreased in five cases. Seven
SCPLs also remained constant or increased in active protein
abundance although their total protein abundance decreased
(Table S13). As SCPLs lack inhibitory domains, they may undergo
post-translational activation by release from an inhibitor or
autoactivation triggered by pH or redox-level changes. Taken
together, efficient extracellular delivery influences the increase in
the extracellular proteome upon agroinfiltration and many
hydrolases for which we identified peptides by ABPP-MS appear
to be activated post-translationally.

, @/ /@

2 xPR1, 8 x PR2 )
2 x PLCP increased

To improve protease annotation, we analysed the N. benthami-
ana protease repertoire in the context of known plant proteases,
using the MEROPS nomenclature. The MEROPS database of
proteases and inhibitors defines families based on protein
sequence homology that are grouped into clans based on
structural homology. Protease family names consist of a letter
denoting the catalytic class and a unique number (i.e. AO1 for
pepsin-like aspartic proteases) (Rawlings et al., 2014). We iden-
tified 1245 proteases and noncatalytic protease homologs in the
curated proteome of N. benthamiana. A smaller protease reper-
toire is encoded by genomes of three crop and model plants:
Arabidopsis (796 proteases), tomato (901) and rice (997)
(Figure 4a and Table S14). Although the N. benthamiana pro-
tease repertoire is much larger, the proportion of predicted
proteins annotated as proteases is higher in the other plants
(2.9% in Arabidopsis, 2.6% in tomato and 2.4% in rice) than in
N. benthamiana (1.6%). The lower proportion of proteases in
N. benthamiana may reflect the suboptimal genome annotation.

To characterize functional proteases and protease inhibitors in
agroinfiltrated leaves, we analysed them at three levels. First, we
detected transcripts for 975 proteases and 60 inhibitors. Second,
we identified extracellular peptides from 196 proteases and 21
inhibitors, including proteases from every catalytic class. Third, we
identified 17 active extracellular Ser and Cys proteases in
agroinfiltrated leaves (Figure 4b). The most prominent features
of the N. benthamiana protease repertoire are the large numbers
of Cys, Metallo- and Thr proteases. Among the Cys proteases, the

4 x Subtilase
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Figure 3 Post-transcriptional and post-translational control over the extracellular proteome. Fold changes in response to agroinfiltration at 5 dpi were
compared between abundances of extracellular proteins and their transcripts (a) and between activity and abundance of extracellular proteins (b) (Student’s
t-test; BH-adjusted P < 0.1). Protein groups of interest are named next to the pie charts. Full data sets are given in Tables S12 and S13. The R code of the
analysis is given in Appendix S6. T, fold change of transcript abundance; EP, fold change of extracellular protein abundance; AEP, fold change of activity of
the extracellular protein.

Figure 4 Nicotiana benthamiana has a diverse protease and protease inhibitor repertoire. (a) Number of proteases and noncatalytic protease homologs in
each catalytic class or inhibitors annotated are given for each species (N. benthamiana curated proteome, Arabidopsis thaliana TAIR10, O. sativa v7 JGl,
S. lycopersicum ITAG2.4). The area of each pie chart is scaled by the total number of proteases and inhibitors. (b) The protease and protease inhibitor
repertoire of N. benthamiana. For each MEROPS family, bars give the size in the predicted proteome (grey), the number of transcripts detected in mock
and/or agroinfiltrated leaves (filled), the number of proteins for which we detect corresponding extracellular peptides in agro- and/or mock-infiltrated leaves
(black outline) and the number of enzymes for which peptides were detected in ABPP-MS, indicating activity (black fill). For the manually curated families
(marked by an asterisk), protease homologs lacking the active site were not counted. Each protein group identified in MS and ABPP-MS was counted as one
family member. Note that due to the nature of the ABPP probes used, only SHs and PLCPs were monitored on the activity level. The S09 (prolyl
oligopeptidase) and S33 (prolyl aminopeptidase) families share the o/B-hydrolase fold (PFAM families PF12695 and PF12697), and sequences with only
these PFAM identifiers are marked S09/533.
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metacaspase family C14 is doubled in size (n = 18 members)
compared to Arabidopsis (n = 9), tomato (n = 9) and rice (n = 8).
We did not identify extracellular peptides corresponding to
metacaspases, although 14 had detectable transcripts. The large
number of metalloproteases in N. benthamiana (n = 260) com-
pared to Arabidopsis (n = 135), tomato (n = 149) and rice
(n = 152) is distributed among 20 families, and we identified
extracellular peptides corresponding to members of most metal-
loprotease families. 10% (n =26) of the metalloprotease-
encoding genes increased in transcript abundance upon agroin-
filtration, while 13% (n = 35) decreased. In contrast, 75%
(n = 28) of the metalloproteases for which we identified extra-
cellular peptides increased in abundance and only one M28
protease decreased. Very few plant metalloproteases are func-
tionally characterized, including AtSOL1, an M14 carboxypepti-
dase processing peptide hormones (Casamitjana-Martinez et al.,
2003; Tamaki et al., 2013) and AtPreP1 and 2, Arabidopsis M16
proteases cleaving organellar target peptides (Bhushan et al.,
2005). The N. benthamiana M10 protease NMMP1 has been
implicated in defence because silencing NMMP1 confers suscep-
tibility to bacterial pathogens (Kang et al., 2010). The transcript
corresponding to NMMP1 (Niben101Scf10336XLOC_078719)
increases in abundance upon agroinfiltration, while its extracel-
lular peptides appear constant. The large metalloprotease reper-
toire of N. benthamiana is changing upon agroinfiltration, raising
the question whether these metalloproteases might regulate the
immune response through protein processing. The high number
of Thr proteases (n = 71) compared to Arabidopsis (n = 34),
tomato (n = 29) and rice (n = 31) is due to drastic expansion of
the TO1 family in N. benthamiana (n =65, vs n=24 in
Arabidopsis, n = 20 in tomato and n = 23 in rice). TO1 contains
the o and B subunits of the 20S core protease of the proteasome.
Phylogenetic analysis showed that N. benthamiana has more
representatives of each subunit (Figure S3). We identified
extracellular peptides corresponding to 25 TO1 subunits, possibly
due to cell content leakage. As transcripts of most (n = 52) TO1
subunits were detected in leaves, multiple versions of the 20S
proteasome may co-exist, as they do in Arabidopsis (Book et al.,
2010). Indeed, we recently showed that two sets of catalytic
subunits are incorporated in functional 20S proteasomes in
N. benthamiana (Misas-Villamil et al., 2017).

In contrast to the protease repertoire, the protease inhibitor
repertoire  of N. benthamiana (n = 111 predicted protease
inhibitors) is not much larger compared to tomato (n = 113),
rice (n = 108) and Arabidopsis (n = 71). This apparent discrep-
ancy may reflect the multifunctionality of many protease
inhibitors (Grosse-Holz and van der Hoorn, 2016) and incomplete
annotation. Among the annotated protease inhibitors, the 103
(Kunitz) inhibitors probably function extracellularly, as we iden-
tified extracellular peptides corresponding to all seven Kunitz
(family 103) inhibitors for which we detected transcripts. Kunitz
inhibitors can inhibit both subtilases (family S08) and a-amylases,
but their bifunctional structure can also target other Ser or Cys
proteases, and other proteins (Renko et al., 2012). N. benthami-
ana serpins (104) appear to mostly be intracellular, as we detected
six serpin-encoding transcripts, but identified corresponding
extracellular peptides for only one. Serpins have been found in
both the cytoplasm (Lampl et al.,, 2013) and the extracellular
space (Ghorbani et al., 2016), and regulate plant defence and
programmed cell death through irreversible inhibition of Ser and
Cys proteases (Bhattacharjee et al., 2017; Lampl et al., 2013).
We detected transcripts for four and identified extracellular

peptides corresponding to two cystatins (family 125). Cystatins
target PLCPs and VPEs, regulating storage protein accumulation,
germination and defence (Benchabane et al., 2008; Grosse-Holz
and van der Hoorn, 2016).

Having obtained an overview of the N. benthamiana protease
and protease inhibitor repertoire, we focused on six large
protease families, which we curated manually (Appendix S1).
For these six families, we performed phylogenetic analyses to
resolve subfamilies and determine which N. benthamiana pro-
teins are most similar to previously studied proteases (Figures 5
and 6).

The PLCP family is conserved in N. benthamiana, but PIP1-
and RCR3-like PLCPs are absent from the extracellular
proteome of agroinfiltrated leaves

Nicotiana benthamiana has more papain-like Cys proteases
(PLCPs, family CO1, n = 41 members) than Arabidopsis (n = 36)
and tomato (n = 36), but less than rice (n = 54). PLCP subfamilies
can be defined by shared sequence features (Richau et al., 2012)
(Figure 5a). For example, the NPIR vacuolar localization signal is
found in aleurain-like proteases (ALPs) and the KDEL ER-retention
signal in Cys endopeptidases (CEPs). Cathepsin-B-like proteases
(CTBs) have a specific prodomain (PFO8127) serving as chaperone
and inhibitor, like the 129 (PF08246) prodomain for other PLCPs.
Most N. benthamiana PLCPs have a secretion signal predicted by
SignalP (Dyrlgv Bendtsen et al., 2004). Accordingly, we identified
extracellular peptides corresponding to 18 of the 25 PLCPs for
which we detected transcripts. Among the extracellular PLCPs are
three granulin-carrying proteases similar to the immune protease
AtRD21 (Shindo et al., 2012), three Cathepsin B-like proteases
(CTBs) and NbCYP1 and NbCYP2, which limit susceptibility to
fungal pathogens (Hao et al., 2006). We identified peptides in
ABPP-MS from NbRD21 and NbCYP1, indicating that these
proteases are active extracellularly. Many of the PLCPs for which
we detected transcripts and identified extracellular peptides
contribute to N. benthamiana immunity. For instance, silencing
NbCathB (Gilroy et al., 2007; McLellan et al., 2009) blocks the
hypersensitive response (HR) and NbC74/CP14 silencing confers
susceptibility to Phytophthora infestans (Bozkurt et al, 2011,
Kaschani et al., 2010). Surprisingly, we did not identify extracel-
lular peptides corresponding to the N. benthamiana proteins
clustering with the tomato immune proteases PIP1 (Tian et al.,
2004) and RCR3 (Kriiger et al., 2002), although we detected
NbPIP1- and NbRCR3-encoding transcripts.

P69-like SBT1 subtilases are abundant and active in the
extracellular proteome of agroinfiltrated N. benthamiana
leaves

The N. benthamiana subtilase family (S08, n = 56 members) is
the same size as in Arabidopsis (n = 56) and smaller than in
tomato (n =90) and rice (n=61) (Figure 5b). We identified
extracellular peptides for 28 of the 39 subtilases whose transcript
we detected; 12 of the 28 subtilases for which we identified
extracellular peptides were among the top 10% most abundant
extracellular proteins and we identified peptides corresponding to
11 active subtilases using ABPP-MS (Figure 5b). Across the whole
subtilase family, the 109 prodomain is well conserved and the PA
dimerization domain (Rose et al., 2010) is present in some
members of each subfamily. An exception lacking SP, 109 and PA
domains are the basal SBT6 subtilases (Taylor and Qiu, 2017). We
detected transcripts encoding three N. benthamiana SBT6 subti-
lases and identified extracellular peptides from one. SBT6

© 2017 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1-17



(a) PLCPs (C01)

Proteases in agroinfiltrated N. benthamiana 9

(b) Subtilases (S08)

VIGS target . H<oter— : [
po e SIS N : |
PR [(C14) —GbsBT1 ¢ : :
i : : : XBCP ASBT5.2: : : :
: 3 > ..__—_._0-:—— —*3 oI : 7
e o ——— | g S — : @
: : : : : H : o
_LLE: :] D> o — XCP :f] — :
8 e—— ] GmSBT! s
19 : i
: : H * — n H
: “ — = : : :
* o— I — RD21 * P - : : gj)
ARD21B : : 12 . : : N
ARDZIAL : 19 (SBT3} : : :
* : E o—m AtSBT6.1: : : : R
< —— ﬁftﬁ h 0 0 q W
U * 4»O—o—=n : i * — : x
. : LoATR L : >
* - : : :
Eé‘%@ —— cep P U —
* IS o —— P gt————————————— -,
* | —— | I — e
g == (NoPPT) [SAG12 B == , - |
: : : I
GS|RCR3 EEIES-———
* e —— [ THI1 *QE — =
o —— TR —
* A > o —— (NbCYPZa) * __—
* 4> o —— RD19 . e = -
D o — * O o-mmn eeeeeeese—
: : : | R ———
o s ———
K A o —— ALP A<D io-m— :
Pargimmeees [NoCYPT)| S ;
AcTB3” ! : : 5 - :
AICTB2 : : : * : .
NS : : " SO m——— : wn
A 4D ——— ot (NDCathB') | | CTB3 S0 e ; @
1 S (NbcatB)| ey, o - 3
0 100 250 AA N I :
_%ﬁﬁ o :
e :
Species domains C01 domains S08 11 I ;
« N. benthamiana © signal peptide © signal peptide '<1E = :
A. thaliana [ inhibitor 129 [ inhibitor 109 * Al m— :
== other plants ¢ CTB propeptide [ peptidase S8 «5} ES ————
E— e»  — :
M poptidase CO1 i "0 w00 500 1000 AA B
w active site present @ granulin » TPPII
p NPIR* @ fn3_5
@ KDEL*

* not drawn to scale

top 10% of transcript
abundance in agroinfiltrated samples

<1 corresponding transcript detected

top 10% of extracellular protein
abundance in agroinfiltrated samples

> peptides corresponding to
extracellular protein identified

peptides corresponding to
active extracellular protein
only identified in or inceased in
agroinfiltrated samples

O peptides corresponding to
active exracellular protein identified

Figure 5 Annotation and detection of extracellular papain-like Cys proteases (PLCPs) and subtilases in Nicotiana benthamiana. Phylogenetic trees based
on the protein sequences of PLCPs (a) and subtilases (b) containing all proteases and protease homologs in the respective family in Arabidopsis (grey
branches) and N. benthamiana (black branches), supplemented by well-studied enzymes from other plant species (blue branches). Names are given as two-
letter species abbreviation followed by the name used in the literature. Grey triangles denote collapsed subtrees that contain only Arabidopsis sequences,
with the number of proteins given next to the triangle. For protein abundance and activity, the respective symbols are shown next to all members of each
protein group for which corresponding peptides were identified. VIGS targets were predicted based on >90% identical residues between the fragment
used for VIGS and the respective transcript. References: 1 (Kaschani et al., 2010); 2 (Xu et al., 2012); 3 (Hao et al., 2006); 4 (Gilroy et al., 2007).
Abbreviations: CTB, cathepsin-B-like; TPP, tripeptidyl-peptidase; fn3_5, fibronectin-3 like domain found on streptococcal C5a peptidase.

subtilases can process peptide hormones regulating cell elonga-
tion (Ghorbani et al., 2016), or degrade peptides released by the
26S proteasome (Book et al, 2005). Remarkably, the SBT1
subfamily is threefold larger in N. benthamiana (n = 30 mem-
bers) than in Arabidopsis (n =9), while the SBT3 subfamily is
absent in N. benthamiana. We detected 22 SBT1 subtilase-
encoding transcripts and identified corresponding extracellular
peptides for 19. We also identified peptides corresponding to

eight active SBT1 subtilases by ABPP-MS. The tomato P69A, B and
C subtilases (Jorda et al., 1999) cluster with the SBT1 subfamily,
which is consistent with a recently published, updated phylogeny
of the subtilase family (Taylor and Qiu, 2017). We detected
transcripts for eight and identified extracellular peptides corre-
sponding to four SBT5 subtilases. We also identified peptides
corresponding to three active SBT5 subtilases by ABPP-MS. SBT5
subtilases can regulate plant immunity as receptors (Duan et al.,
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Figure 6 Annotation and detection of additional protease families in Nicotiana benthamiana. Phylogenetic trees based on the protein sequences of POPLs
(a), pepsin-like proteases (b), SCPLs (c) and VPEs (d) containing all proteases and protease homologs of the respective family in Arabidopsis (grey branches)
and N. benthamiana (black branches), supplemented by well-studied enzymes from other plant species (blue branches). Arabidopsis sequences that only
carry the o/p-hydrolase fold PFAM identifiers are not shown in the S09 tree for readability. Names and symbols are used as described for Figure 5.

2016), as transcription factor binding proteins (Serrano et al.,
2016) or being processed to release peptide hormones (Pearce
et al., 2010). The updated subtilase phylogeny (Taylor and Qiu,
2017) suggests to split SBT6 into two subfamilies and notes that
the distinction between SBT4 and SBT5 subfamilies is weakly
supported. Indeed, we find two subclades of SBT6 in N. ben-
thamiana, clustering with one of the Arabidopsis representatives
each. SBT4 falls into a Clade containing part of SBT5 in our tree,
indicating the updated phylogeny agrees with our curated
N. benthamiana proteome.

Nicotiana benthamiana POPLs are underrepresented in the
extracellular proteome of agroinfiltrated leaves

The prolyl oligopeptidase-like (S09, POPL) family in N. benthami-
ana (n =180 members) is equivalent in size with the POPL
families in Arabidopsis (n = 143), tomato (n = 162) and rice
(n = 196)(Figure 6a). The SO9 family is defined via the o/B-hydrolase
fold (PF12695 and PF12697), but these proteins are not always
proteases (Mindrebo et al., 2016). Interestingly, we only identified
extracellular peptides for 18 of the 122 family members for which
we detect a transcript (15%), suggesting that N. benthamiana
POPLs are primarily intracellular. SO9A (prolyl oligopeptidase-
like, POPL) is the smallest subfamily and no plant POPL has
been functionally characterized, but we detected 14 POPL-
encoding transcripts and identified extracellular peptides from
two POPLs. The S09B dipeptidyl-peptidase type IV (DPP-IV)
subfamily contains membrane-bound exopeptidases (Tripathi
and Sowdhamini, 2006), but also clusters with nonproteolytic
o/B-hydrolases, including HobHNL, RsPNAE and LhMKS1 and the
salicylic acid receptor NtSABP2 (Auldridge et al.,, 2012; Dogru
et al., 2000; Forouhar et al, 2005, Wagner et al., 1996).
Interestingly, we only detected a transcript for NbSABP2. We
identified extracellular peptides from four DPP-IVs. We also
detected transcripts for four and identified peptides for two
aminoacyl-removing peptidases (AAPS/AAREs, subfamily S09C)
clustering with AtAARE. AtAARE is implicated in the cytoplasmic
antioxidative system (Nakai et al., 2012; Yamauchi et al., 2003).
We detected transcripts, but did not identify extracellular
peptides for the nonproteolytic members of S09C, including
the proteins clustering with the hormone receptors D14 (Yao
et al., 2016), KAI2 (Guo et al., 2013), GID1 (Griffiths et al.,
2006) and the potato epoxide hydrolase StEH (Stapleton et al.,
1994).

Pepsin-like aspartic proteases are highly abundant in
agroinfiltrated leaves and pepsin-like xylanase inhibitors have
expanded in N. benthamiana

Extracellular peptides from pepsin-like aspartic proteases (A0 1) were
abundantly detected and the AO1 family is expanded in N. ben-
thamiana (n = 110 members) compared to Arabidopsis (n = 69)
and tomato (n = 100), but is smaller than the rice AO1 family
(n =130) (Figure 6b). We detected 76 AO1 protease-encoding
transcripts and identified extracellular peptides from 45 pepsin-like
aspartic proteases. Eight pepsin-like aspartic proteases were among
the top 10% most abundant extracellular proteins. Pepsin-like
aspartic proteases are subdivided into subfamilies A1 (typical

pepsin-like), A2 (typical, but lacking the plant-specific insert), B
(nucellins) and C (atypical) (Faro and Gal, 2005). We detected
transcripts and identified peptides for 10 A1 pepsin-like proteases
and they cluster with two enzymes implicated in stress responses,
barley phythepsin and bean AP1 (Contour-Ansel et al, 2010;
Huckelhoven et al., 2001). Group A2 seems absent in the N. ben-
thamiana predicted proteome. We detected transcripts, but did not
identify extracellular peptides, for five AO1 group B proteases.
AtAPCB1 in group B is required for autophagy and resistance to
Botrytis (Li et al., 2016). Group C is the largest AO1 subfamily in
N. benthamiana, with 54 A01 Group C-encoding transcripts
detected in leaves and corresponding extracellular peptides identi-
fied for 29. Two Arabidopsis members of group C, AtCDR1 and
AtAED 1, modulate plant defence responses in the extracellular space
(Breitenbach et al., 2014; Xia et al., 2004). AtAED1 clusters with
two abundant extracellular N. benthamiana proteins. We detected
transcripts encoding several and identified extracellular peptides
from one protein clustering with AtA36 and AtA39, two putative
GPl-anchored aspartic proteases (Gao et al., 2017). Interestingly, the
A01 Clade clustering with the wheat xylanase inhibitor TaXI-l is
expanded drastically with 14 members in N. benthamiana, com-
pared to two in Arabidopsis (Brutus et al, 2005; Sansen et al.,
2004). TaXls share the fold of pepsin-like proteases, but have lost the
active site and act as xylanase inhibitors. We detected transcripts for
seven putative N. benthamiana xylanase inhibitors and identified
extracellular peptides corresponding to six.

Nicotiana benthamiana has an expanded SCPL Clade Il in the
extracellular proteome of agroinfiltrated leaves

Nicotiana benthamiana has less serine carboxypeptidase-like
enzymes (SCPLs, S10, n =42 members) than Arabidopsis
(n = 54), tomato (n =61) and rice (n=59) (Figure 6¢). We
detected transcripts for 29 and identified extracellular peptides
from 19 SCPLs. We also identified peptides corresponding to nine
active extracellular SCPLs by ABPP-MS. SCPLs fall into four clades
(Fraser et al.,, 2005). We detected transcripts for three and
identified extracellular peptides corresponding to one member of
Clade IA, which contains the Solanum pennellii glucose acetyl-
transferase (SpGAT) (Franziska, 2013). Clade IB contains the
wound-inducible tomato carboxypeptidase LeCP (Moura et al.,
2001) and two N. benthamiana proteins, for which we detected
transcripts, identified extracellular peptides and peptides by
ABPP-MS, indicating activity. The largest S10 subfamily is Clade
Il, with transcripts detected for 16 members and extracellular
peptides identified for eight. We also identified extracellular
peptides corresponding to four active Clade Il SCPLs in ABPP-MS.
Interestingly, Clade Ill is expanded in N. benthamiana (n = 10)
compared to Arabidopsis (n = 5) and well represented in the
extracellular proteome, with the encoding transcripts detected
and extracellular peptides identified for eight members each. We
also identified peptides corresponding to three active Clade lll
SCPLs in ABPP-MS. Clade Il members such as NtSCP1, NtSCP2
(Bienert et al., 2012) and AtSCPL47 (Charmont et al., 2005) are
extracellular carboxypeptidases, and OsBISCPL1, a rice Clade lll
SCPL, enhances stress resistance when overexpressed in Ara-
bidopsis (Liu et al., 2008).
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Peptides corresponding to extracellular VPEs are identified in
agroinfiltrated N. benthamiana leaves

We annotated seven vacuolar processing enzymes (VPEs/legu-
mains/asparaginyl endopeptidases) and six GPl-anchor transami-
dases that share the VPE domain architecture (PFO1650) in
N. benthamiana. Together, they constitute family C13 (n =13
members), which is larger than in Arabidopsis (n = 5) and rice
(n = 6), but smaller than in tomato (n = 19). We detected five
VPE-encoding transcripts and one NbGIP-encoding transcript.
Notably, we also identified extracellular peptides corresponding
to two VPEs, consistent with observations made in tomato
(Sueldo et al., 2014). VPEs can activate proteins in vacuoles,
including proteases (Rojo et al.,, 2003) and protease inhibitors
(Heath et al., 1995; Mylne et al., 2011). Silencing of NbVPEs
blocks virus-induced cell death in N. benthamiana (Hatsugai
et al., 2004) and VPEs can also act in other forms of plant cell
death (Gepstein et al.,, 2003; Hatsugai et al., 2015; Nakaune
et al., 2005; Sueldo et al., 2014).

Conclusions

Upon agroinfiltration, 25% of the full leaf mMRNA transcriptome
changes in abundance, associated with an immune response
mounted at the expense of photosynthesis. 70% of all extracel-
lular proteins increase in abundance and their predicted functions
confirm that an extracellular immune response occurs. Increasing
the extracellular proteome while photosynthesis is shut down
appears to drive leaves into a nutrient-deprived state. Engineering
N. benthamiana to react less strongly to Agrobacterium, or
Agrobacterium to be less immunogenic in N. benthamiana, may
enhance RP expression by re-directing limiting resources. Inter-
estingly, the expression of the silencing inhibitor P19 had minor
effects on the transcriptome and no effect on the extracellular
proteome.

Discrepancies between changes in transcript, extracellular
protein and active extracellular protein abundances suggest that
the extracellular proteome is influenced post-transcriptionally and
that many extracellular enzymes are activated post-translationally.
The N. benthamiana immune response to agroinfiltration differs
from immune responses to bacterial and fungal pathogens in
Arabidopsis and tomato in that there is no drastic increase in
numbers or amounts of active extracellular subtilases and PLCPs
(van Esse et al., 2008; Gilroy et al., 2007, Sueldo et al., 2014; Xia
et al., 2004). This is surprising, as N. benthamiana has an
exceptionally large repertoire of 1245 proteases and noncatalytic
protease homologs, transcripts corresponding to 975 proteases
were detected in leaves and peptides corresponding to 196
proteases were identified in the extracellular space. Prominent
features of the extracellular protease repertoire of agroinfiltrated
leaves are an expanded clade of SCPLs, highly abundant pepsin-
like proteases and many SBT1 subtilases. Targeted depletion or
inhibition of these enzymes may limit undesired proteolysis to
improve agroinfiltrated N. benthamiana as a protein expression
platform. We have selected several proteases for genetic deple-
tion by genome editing to investigate their role in RP degradation
and how they shape the endogenous proteome.

Experimental procedures

All chemicals were obtained from Sigma (Sigma-Aldrich, St. Louis,
MO) unless specified otherwise.

Agroinfiltration procedure

Nicotiana benthamiana plants were grown at 21 °C under a 16/
8-h light/dark regime in a growth room. Agrobacterium GV3101-
pMP90 (WT) and Agrobacterium GV3101-pMP90 carrying a
plasmid encoding silencing inhibitor P19 of tomato bushy stunt
virus, driven by a 35S promoter (pJK050, a gift from Jiorgos
Kourelis), were grown for 21 h at 28C with agitation in LB
medium (10 g/L NaCl, 10 g/L Tryptone, 5 g/L yeast extract)
containing 100 pm rifampicin and 100 um gentamycin (for WT)
plus 100 um kanamycin (for P19). Bacteria were collected by
centrifugation at 2000 g for 5 min at room temperature (RT),
resuspended in infiltration buffer (10 mm  2-(N-morpholino)
ethanesulfone (MES), 10 mm MgCl,, pH 5.7, 100 pum acetosy-
ringone) to ODgoo = 0.5 and left for 2 h at 28 °C with agitation
to recover. The first and second fully expanded leaves of
preflowering stage N. benthamiana (4-5 weeks old) were infil-
trated with the bacteria suspension using a syringe without a
needle.

mRNA extraction and sequencing

For each sample, two leaf discs per leaf from six leaves (three
different plants) were pulverized under liquid nitrogen using a
mortar and pestle. RNA was extracted from 50 mg of leaf powder
using TRIZOL (Thermo Fisher Inc, Waltham, MA) according to the
manufacturer’s instructions. DNA contamination was removed by
in-solution digest with the Qiagen RNAse-free DNAse kit,
followed by cleanup with the Qiagen RNeasy kit, following the
manufacturer’s instructions (Qiagen, Hilden, Germany). RNA
quality was assessed using a Bioanalyzer with the Agilent RNA
6000 Nano Kit (Agilent Technologies, Santa Clara, CA) and
following the manufacturer’s instructions. All samples used for
sequencing had a RIN (RNA integrity number, 28S to 18S rRNA
ratio) >6.5. RNAseq library preparation and sequencing were
performed by the Wellcome Trust Centre for Human Genetics,
Oxford. mRNA was enriched using oligo-dT beads and sequenced
over three lanes of an lllumina HiSeq device, generating on
average 184 million 100-bp paired-end reads per lane.

Bioinformatics tools used for transcriptome analysis

To obtain the genome-based transcriptome (DB4), RNAseq reads
were filtered to only retain those with a Phred Q Score >30
(Ewing and Green, 1998) and aligned to the Niben101 genome
(Bombarely et al., 2012) using TopHat version 2.0.14 (Kim et al.,
2013a) with default settings. The transcriptome was assembled
using StringTie (Pertea et al., 2015) on these alignments, allowing
for multimapping of reads to several transcripts. TopHat and
StringTie were run via the galaxy server (Afgan et al., 2016). This
resulted in the genome-based transcriptome (DB4). To obtain the
de novo assembled transcriptome (DB3), raw reads were quality-
trimmed using TRIMMOMATIC-0.32 (Bolger et al., 2014), BAYE-
SHAMMER (SPADES-3.5.0) (Nikolenko et al., 2013) and ALL-
PATHS-LG-4832 (Butler et al., 2008). Ribosomal RNA was
removed using SORTMERNA-1.9 (Kopylova et al., 2012). The
quality-trimmed reads were then normalized with a khmer size of
21 in KHMER-0.7.1 (Crusoe et al., 2015). Normalized reads were
then assembled and scaffolded using SGA (Simpson and Durbin,
2012), SSPACE-v.3 (Boetzer et al.,, 2011) and CAP3 (Huang and
Madan, 1999). Assembled scaffolds then underwent a final
correction step using PILON-1.6 (Walker et al, 2014). This
resulted in the de novo assembled transcriptome (DB3). We
manually curated protease sequences in DB4, using single
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transcripts from DB1-3 and 5, as described in Appendix S1. The
curated transcriptome was fed to Salmon version 0.7 (Patro et al.,
2017) together with the filtered reads, and transcript quantifica-
tion was performed in lightweight alignment mode. Thus,
multimapping of reads was allowed during assembly of the
transcriptome in DB4, but not during quantification. The Num-
Reads output of Salmon was used for relative expression analysis
in DESeq2 (Love et al., 2014).

Bioinformatics tools for proteome prediction

All four transcriptome databases (DB1-4, see Appendix S1) were
subjected to coding sequence prediction using GeneMark-ST
(Tang et al., 2015), TransDecoder (http://transdecoder.github.io)
and Prodigal (Hyatt et al., 2010) using default settings for
eukaryotic gene sequences. In cases where all three methods
predicted an open reading frame for a transcript the priority was
given to the prediction made by GeneMark-ST unless the
GeneMark-ST gene model was a substring of a longer TransDe-
coder gene model. Transcripts without predictions by any method
were subjected to an additional round of gene prediction using
Prodigal settings for bacterial genes and gene predictions were
compiled to create the final predicted proteome.

Apoplastic fluid (AF) extraction

Six N. benthamiana leaves per sample were detached and
vacuum-infiltrated with ice-cold water, dried on the surface and
placed in a syringe without needle and plunger that was inserted
in a 50-mL falcon tube. AF was collected by centrifugation at
2000 g, 4 °C for 25 min and stored at -80 °C until further use.
Protein concentrations were determined with a Bradford assay
according to Ernst and Zor (2010). To prove that leakage of
cytosolic proteins into the extracellular proteome at later time
points upon agroinfiltration is indeed caused by disease and not
by our AF extraction method, we measured the activity of the
intracellular enzyme malate dehydrogenase (MDH). MDH activity
in our AF from mock-infiltrated leaves falls within the range
reported for AF that is virtually free from cytosolic contamination
(Figure S4) (Goulet et al., 2010; Husted and Schjoerring, 1995).

Mass spectrometry and ABPP-MS
see supplemental methods, additional Appendix S7.
Bioinformatics tools for extracellular proteome analysis

Peptide spectra were annotated using Andromeda (Cox et al.,
2011). Included modifications were carbamidomethylation (static)
and oxidation, N-terminal acetylation and carbamylation of
Lysines and N-termini (dynamic). Protein quantification was
performed using MaxQuant version 1.5.5.30 (Tyanova et al.,
2016), including all modifications.

Phylogenetic analyses

Sequences were aligned in Geneious (Kearse et al., 2012) using a
plug-in for MAFFT v7.017 (Katoh and Standley, 2013). Neigh-
bour-joining trees were constructed using the geneious tree
builder with Jukes-Cantor genetic distances and bootstrapped
using 1000 times resampling. Trees were edited using iTOL
(Letunic and Bork, 2016). Complete versions of the trees
including all sequence names are given in Appendix S8.

Databases and protease annotation

Protease and inhibitor sequences and PFAM annotations were
retrieved for Arabidopsis from TAIR10 (Berardini et al., 2015) and
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for rice and tomato from Phytozome (Goodstein et al., 2012).
Protease sequences from other species to extend the family trees
were retrieved from GenBank (NCBI Resource Coordinators,
2017) or UniProt (The UniProt Consortium, 2017). All Arabidop-
sis, rice, tomato and N. benthamiana proteases were annotated
by mapping PFAM domains to MEROPS family annotations
according to Table S15.

Data availability

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (Vizcaino et al.,
2016) partner repository (https://www.ebi.ac.uk/pride/archive/)
with the data set identifier PXD006708. RNAseq data have been
deposited in the NCBI Sequence Read Archive repository under
identifier. [SRP109347]
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Summary

Multifunctional protease inhibitors juggle jobs by targeting different enzymes and thereby often
controlling more than one biological process. Here, we discuss the biological functions,
mechanisms and evolution of three types of multifunctional protease inhibitorsin plants. The first
type is double-headed inhibitors, which feature two inhibitory sites targeting proteases with
different specificities (e.g. Bowman-Birk inhibitors) or even different hydrolases (e.g. o-
amylase/protease inhibitors preventing both early germination and seed predation). The second
type consists of multidomain inhibitors which evolved by intragenic duplication and are released
by processing (e.g. multicystatins and potato inhibitor II, implicated in tuber dormancy and
defence, respectively). The third type consists of promiscuous inhibitory folds which resemble
mouse traps that can inhibit different proteases cleaving the bait they offer (e.g. serpins,
regulating cell death, and a-macroglobulins). Understanding how multifunctional inhibitors
juggle biological jobs increases our knowledge of the connections between the networks they
regulate. These examples show that multifunctionality evolved independently from a remark-
able diversity of molecular mechanisms that can be exploited for crop improvement and provide
concepts for protein design.

which one inhibited trypsin and the other chymotrypsin (Odani &
Ikenaka, 1973). Trypsin and chymotrypsin are closely related Ser

Multifunctional protease inhibitors are classic examples that
contradict the old dogma of one protein — one function (Beadle
& Tatum, 1941). Multifunctionality implies that a protein or a
structural fold can regulate various partners, resulting in different
biological outputs. Approximately 30 yr after the influential paper
of Beadle and Tatum, the first report of a multifunctional protease
inhibitor (Odani & lkenaka, 1973) challenged their model. A

protein from soybean ( Glycine max) was separated into two parts, of

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust

proteases, but they differ in the surface loops that determine
substrate specificity (Hedstrom ezal, 1992) and thus require
distinct inhibitory sites. This first bifunctional protease inhibitor
belongs to the Bowman—Birk inhibitors (BBIs), classified in the
MEROPS database as family I12 (see Box 1 for a brief description
of the MEROPS system). Only a few years after the discovery thata
single protein can inhibit two distinct proteases, it became clear that
the Indian staple crop ragi (Eleusine coracana) produces an even

New Phytologist (2016) 1
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(a) (b) (c)
Double-headed Multidomain

E.g. BBI (112); BASI (13);
RBI (16); Legumain-inhibiting
cystatins (125).

E.g. PI-1l (120);
Multicystatins (125);
Squash inhibitors (17)

more peculiar multifunctional inhibitor (Shivaraj & Pattabiraman,
1981). The ragi bifunctional inhibitor (RBI, family 16) can form a
trimeric complex with o-amylase and trypsin, thereby simultane-
ously inactivating a starch-degrading enzyme and a protease
(Shivaraj & Pattabiraman, 1981). Two years later, it turned out
that a protein from barley (Hordeum vulgare) also targets an
o-amylase and a protease (Mundy ez al., 1983). However, barley
o-amylase/subtilisin inhibitor (BASI, family I3) is structurally
unrelated to RBI. The bifunctional BBI, RBI and BASI were the
first of many multifunctional plant protease inhibitors to be
discovered. In these three cases, multifunctionality is facilitated by
two inhibitory sites on a single protein. More recent research has
characterized other types of multifunctional protease inhibitors.
Some of these contain more than one inhibitory domain
(multidomain inhibitors) or use the same binding site to inhibit
one of various target proteases at a time (promiscuous inhibitors)
(Fig. 1). The frequent occurrence of multifunctionality among
protease inhibitors has raised many questions about the biological
roles of these proteins. Are multifunctional inhibitors regulatory
links between the proteases they affect? How has multifunctionality
evolved in different inhibitor structures and do they share common
‘roads to muldfunctionality’> How can multifunctional protease
inhibitors be exploited for crop improvement and protein design?
These questions are addressed in this review. With multifunctional
plant protease inhibitors, we bring together a range of proteins and

Box 1 The MEROPS database of proteases and their inhibitors
(http://merops.sanger.ac.uk, (Rawlings et al., 2014)).

MEROPS groups proteins into families based on sequence homol-
ogy and families into clans based on structural homology.
Proteases or inhibitors in a clan are assumed to have evolved
from a common ancestor, but are less closely related than the
proteins within a family. Inhibitor families are named 11 to 193.
Protease families are named with a letter indicating the catalytic
type (i.e. A for aspartic, S for serine and C for cysteine proteases),
followed by a consecutive number. We refer to MEROPS release
9.12 throughout this article.

E.g. Serpins (14);
Macroglobulin (139)

New Phytologist (2016)
www.newphytologist.com

New
Phytologist

Promiscuous

Fig. 1 Three classes of multifunctional
protease inhibitors. BBI, Bowman-Birk
inhibitor; BASI, barley a-amylase/subtilisin
inhibitor; RBI, ragi bifunctional inhibitor; PI 11,
potato peptidase inhibitor [I; MEROPS families
are given in brackets.

biological processes that are not usually studied jointly. Awareness
of a potential hub between proteolytic networks will help to gain a
comprehensive overview. Finally, understanding the inherent
power of multifunctional protease inhibitors will prove useful to
design successful agricultural or biotechnological strategies.

Il. Three types of multifunctionality

Juggling several biological jobs is facilitated in different ways, which
we group into three types of inhibitor multifunctionality (Fig. 1).
The first type of multifunctional inhibitors are Janus-type
inhibitors, double-headed proteins with two inhibitory faces
matching distinct targets. The second type are multidomain
proteins, which resemble a necklace of pearls (inhibitor domains).
Within the pearl necklace type, the 120 inhibitor domains have
diversified with regard to specificity, while the macrocyclic cystine
knot peptides can have both inhibitory and noninhibitory
functions. The third type of multifunctionality is represented by
promiscuous inhibitors such as serpins and o-macroglobulins.
These structurally different inhibitors act as mouse traps that
inhibit different proteases by undergoing dramatic conformational
change upon protease binding.

We summarize the current scientific knowledge on biological
role, inhibitory mechanism and evolution for eight families of
multifunctional plant protease inhibitors. A comprehensive
overview of all discussed families and the examples mentioned
throughout this review is given in Table 1. The inhibitors are first
discussed in groups based on their type of multifunctionality. We
conclude by discussing all eight multifunctional inhibitor families
in the context of common biological roles, evolutionary history and
potential applications.

1. Double-headed inhibitors: the Janus type

With his two faces looking in opposite directions, the ancient
Roman god Janus provides a good metaphor for bifunctional
inhibitors. Each of the two faces stands for a binding site on which a
target enzyme can be inhibited. Surprisingly many protein
architectures facilitate multifunctionality by providing two sites

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust
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with different inhibitory specificity, and thus the Janus-type
inhibitors include representatives from at least four MEROPS
families that occur in plants (Table 1).

Bowman-Birk inhibitors (I12): losing and gaining multifunc-
tionality The first Janus-type inhibitor was discovered in soybean
flour by Bowman in 1946 (Bowman, 1946). The inhibitor was
further purified and characterized by Yehudith Birk, who showed
that it inhibits both trypsin and chymotrypsin (Birk, 1961).
However, it was not yet clear that this was attributable to two
binding sites. Separation of the protein into two fragments which
retained inhibitory activity towards either trypsin or chymotrypsin,
respectively, elucidated that the soybean Bowman—Birk inhibitor
(BBI, MEROPS family 112; see Box 1 for a brief description of the
MEROPS system) has two independent binding sites (Odani &
Ikenaka, 1973), making the soybean BBI the first known
multifunctional protease inhibitor. BBI encoding genes are also
present in Medicago truncatula, rice (Oryza sativa) and maize (Zea
mays), but they seem absent in the model plants Arabidopsis
thaliana and Nicotiana benthamiana (Rawlings et al., 2014). BBIs
may have a defensive function, because BB/ gene expression in rice
is up-regulated in response to wounding and the defence-related
phytohormone jasmonic acid (Rakwal ez al., 2001; Qu ez al., 2003)
and overexpression of an endogenous Janus-type BBI in the staple
crop rice increases resistance to Magnaporthe grisea, a fungal
pathogen causing rice blast (Qu ez /., 2003). BBIs fold into a core
of antiparallel beta-sheets that is crosslinked by multiple disulphide
bridges (seven in the case of soybean BBI). The two inhibitory sites
are located on protruding loops on opposing ends of the beta-sheet
core (Fig. 2a) and function via the Laskowski mechanism (Box 2)
(Chen etal., 1992; Voss etal, 1996). Monocot 112 inhibitors
contain up to three BBI domains (Qu ez al,, 2003), and thus they
should in theory have up to six protease inhibitory sites. However,
the monocot BBI domain has lost a disulphide bridge restraining
the conformation of one of the inhibitory loops. Having lost the
inhibitory activity of one of the two subdomains, monocot BBIs
bind only one target protease per BBI domain. Apparently, the loss
of the second inhibitory site in monocots was corrected by domain
duplication, so that contemporary monocot BBIs can bind
multiple proteases (Song ez al., 1999; Park ez al., 2004). Surpris-
ingly, although BBIs can inhibit trypsin and chymotrypsin, it is still
unknown what the natural targets of these seed proteins are.
Identification of both endogenous (plant) and exogenous (insect/
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bacterial/fungal) target proteases might increase our understanding
of the apparent evolutionary pressure towards multifunctional
plant BBIs.

Kunitz inhibitors (I3): avery versatile fold = Ser protease inhibitors
from the Kunitz (I3) family exist in most higher plants, but seem to
be absent from green alga genome sequences according to the
current release of the MEROPS database (Rawlings ez al., 2014).
The inhibitors were named after Moses Kunitz, who crystallized the
first representative from soybean flour (Kunitz, 1945). The I3
family includes Janus-type inhibitors that bind different target
enzymes on two reactive sites, for example the barley o-amylase/
subtilase inhibitor BASI and its rice orthologue, both of which
occur in grains (Leah & Mundy, 1989; Yamagata eral., 1998).
o-amylase/subtilase inhibitors are believed to regulate germination,
as they inhibit endogenous o-amylases (Abdul-Hussain & Paulsen,
1989; Vallée eral, 1998; Nielsen eral, 2003), which mobilize
storage carbohydrates during germination (Fincher, 1989). Rice
a-amylase/subtilase inhibitors also block o-amylases from insects
that feed on the grain starch (Bellincampi ez al., 2004). Using its
second reactive site, BASI inhibits proteases from the fungal
pathogen Fusarium culmorum (Pekkarinen eral, 2007), also
indicating defensive functions that make o-amylase/subtilase
inhibitors interesting candidates for crop improvement. Another
member of the Kunitz family, Adenanthera pavonina Kunitz type
inhibitor (ApKTI), occurs in seeds of the leguminous tree
Adenanthera pavonina. ApKTI can inhibit both trypsin (S1) and
papain (C1) simultaneously (Migliolo ezal., 2010) and is active
against gut proteases from herbivorous insects, including beetles
and moths (Da Silva et al., 2014 and references therein). Artificial
diets containing ApKTT reduce the viability and fertility of these
insects, indicating that ApKTT acts in defence against herbivorous
insects. ApKTT is a promising candidate for crop improvement, as
the multifunctionality of the inhibitor may help to impede insect
adaptation (Da Silva e al., 2014). Potato (Solanum tuberosum L.)
tubers also contain a Janus-type Kunitz type inhibitor, named
potato serine protease inhibitor (PSPI). PSPI can bind simultane-
ously to both trypsin and chymotrypsin, two S1 Ser proteases with
different substrate specificities (Valueva et al., 2000; Meulenbroek
etal., 2012). The biological role of PSPI in planta is unclear. In
principle, PSPI could act in defence or protect storage proteins
from endogenous proteases to prevent premature sprouting.
Considering that PSPI is one of the most abundant proteins in

Fig. 2 Four examples of double-headed inhibitors. (a) Left panel, crystal structure (PDB ID 3ru4) of Vigna unguiculata Bowman-Birk trypsin and chymotrypsin
inhibitor (BTCI, family 112; blue) in complex with bovine trypsin (family S1; red) and bovine chymotrypsin (family S1; green). Right panel, BTCI inhibits trypsin
and chymotrypsin usingloops (red) that contain Lys and lle residues mimicking the P1 substrate recognition sites of the respective target enzymes. (b) Left panel,
crystal structures of Hordeum vulgare (barley) a-amylase/subtilisin inhibitor (BASI, family 13; red; PDB ID 3bx1) in complex with barley a-amylase (AMY2;
brown; PDB ID 1ava) and Bacillus lentus savinase (blue; family S8; PDB ID 3bx1). A calcium ion (green) acts as molecular glue in the AMY2-BASI interaction.
Right panel, the Glycine max (soybean) Kunitz inhibitor (SKI, family I3; PDB ID 1avu) illustrates the overall structure of Kunitz inhibitors: a -barrel (red) with
three extended loops (L1-L3), representing a tree trunk and branches, respectively. (c) Left panel, crystal structure of ragi bifunctional inhibitor (RBI, family 16;
PDB ID 1tmq; green) from Eleusine coracana (ragi or Indian finger millet) with Tenebrio molitor (yellow meal worm) a-amylase (TMA; brown; PDB ID 1tmq).
The location where a trypsin-like protease could bind isindicated by a red circle. Right panel, inhibition is facilitated by the N-terminal Ser residue of RBI (red) that
interacts with the active site of TMA. The loop that can interact with trypsin-like proteases (family S1) contains an Arg residue (red) that mimics the P1 substrate
recognition motif for trypsin. (d) Left: crystal structure (PDB ID 4n60) of human cystatin M (family 125; purple) with human legumain (family C13; cyan). The
location where a papain-like protease could bind is indicated by a green circle. Right panel, legumains specifically cleave after Asn (P1= Asn), and therefore
selectivity of the interaction is facilitated by an Asn residue in the reactive centre loop (RCL; red). The three regions of cystatin M that would bind the substrate-
binding groove of papain-like Cys proteases are located on the opposing side (red). PDB: RCSB Protein Data Bank (http://www.rcsb.org/pdb).
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Box 2 The Laskowski mechanism of protease inhibition.

The Laskowski mechanism of inhibition is probably the most
common scenario of protease inhibition by proteinaceous inhibitors
(Rawlings et al., 2014). Michael Laskowski described the ‘standard
mechanism’ of protease inhibition, where the inhibitor acts as a
‘limited proteolysis substrate' (reviewed in Laskowski & Kato,
1980). A reactive peptide bond on this limited substrate is bound
by the target protease and an acyl intermediate is formed with a
high association constant. However, the rate of completion of
proteolytic cleavage and dissociation is very low, resulting in an
apparent equilibrium between the free enzyme and inhibitor on the
one hand and the complex on the other. Both the intact and the
cleaved inhibitor can bind and inhibit the protease, and cleavage is
reversible.

potato tubers (Meulenbroek ez /., 2012), it probably also serves as a
storage protein itself. Recently, a new biochemical function was
proposed for Kunitz trypsin inhibitor 3 (KTI3), a Populus deltoides
(poplar) inhibitor from the Kunitz family active against trypsin and
chymotrypsin (Major & Constabel, 2008). KTI3 is expressed i
plantaupon exposure to heavy metals and this protein confers heavy
metal resistance when expressed in transgenic yeast. Molecular
modelling suggests that KTI3 can chelate copper ions, but this
remains to be demonstrated experimentally (Guerra ez al., 2015).
Multifunctionality in Kunitz inhibitors is not always achieved via
the double-headed Janus structure. For instance, a Kunitz inhibitor
from Prosopis juliflora, a South American shrub, can inhibit either
trypsin (family S1) or papain (family C1) using overlapping
binding sites (Franco et al., 2002).

All Kunitz (I3) inhibitors share a tree-like tertiary structure called
the B-trefoil fold (Fig. 2b). The ‘tree’ consists of a P-barrel (the
trunk) with flexible loops protruding from each side (branches and
roots, respectively) (Sweet ez al., 1974). The protease binding sites
of B-trefoil inhibitors are located in the loops (Azarkan ez al., 2011)
and inhibition occurs via the Laskowski mechanism (Box 2)
(Renko ez al., 2012), with the notable exception of the ai-amylase/
subtilase inhibitors.

BASI has been crystallized in complex with savinase, a subtilase
from the soil bacterium Bacillus lentus (Micheelsen ez al, 2008).
Structural and mutational analysis of this complex revealed that the
BASI inhibitory mechanism for subtilases differs from the canonical
Laskowski mechanism. The protease inhibitory loop of BASI is
shorter than usual and pulled out of the protease active site by a
disulphide bridge. Thus, BASI cannot be cleaved by the subtilase,
which may result in a more stable inhibitory complex. The cysteine
residues facilitating this version of the Laskowski mechanism are
conserved in the rice and wheat (77iticum aestivum) orthologues of
BASI, suggesting that they function in the same way (Micheelsen
etal, 2008). The inhibitory sites of BASI are known to be
independent because protease inhibition still occurs when the
inhibitor is saturated with a-amylase (Mundy ez 4/, 1983). Inhibition
of barley o-amylase occurs via a large binding interface and involves a
fully hydrated Ca®" ion. In this way, BASI sterically hinders access to
the active site of the o-amylase (Fig. 2b) (Vallée ezal, 1998). As
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affinity of BASI for barley o-amylase increases with increasing pH
(Nielsen ezal., 2003 and references therein), it is thought that the
protonation state of the amino acid side chains involved in Ca™
binding may be affected by pH changes (Nielsen ezal, 2003).
During germination, a pH increase might release a-amylase from
BASI (Mundy ezal., 1983; Vallée eral., 1998; Nielsen ez al., 2003).

Length, orientation and amino acid composition of the loops
vary between the B-trefoil inhibitors, allowing them to inhibit up to
two proteases of different classes (e.g. Dattagupta eral, 1999;
Meulenbroek ez al., 2012). Protease families inhibited by Kunitz
inhibitors include S1, S8, C1 and Al (Azarkan etal, 2011;
Rawlings eral., 2014). Although the overall structure is highly
conserved, the inhibitory motifs of the Kunitz inhibitors are
diversified across the family. The core B-barrel, the conserved
element of the Kunitz fold, is a rigid structure that presumably
confers stability to the Kunitz inhibitors in harsh environments.
The B-barrel can fold via various routes, rendering the folding
process of Kunitz proteins relatively immune to point mutations in
the loops. Taking these findings together, it appears that the stable
B-trefoil fold provided a platform for evolution of a wide range of
molecular recognition mechanisms (Azarkan eral, 2011). In
plants, this includes the inhibition of amylases and proteases via
various mechanisms. In other organisms, the Kunitz fold with its
versatile loops is shared by growth factors, interleukins and DNA-
binding proteins (Renko ez al., 2012).

RBI (I6): bifunctionality via two versions of substrate
mimicry Ragi bifunctional inhibitor (RBI) was first purified
from seeds of the Indian finger millet, locally called ragi (Eleusine
coracana) (Shivaraj & Pattabiraman, 1981). Like BASI, RBI
inhibits both insect and mammalian a-amylases as well as proteases
(Maskos ez al., 1996; Strobl ez al., 1998). Astonishingly, BAST and
RBI are unrelated in terms of sequence, structure and inhibitory
mechanisms, and thus inhibition of different hydrolase classes
using one multifunctional protein must have evolved twice
independently. RBI adopts an all-a-fold (Fig. 2c), which is
unrelated to the structure of any other known protease inhibitor
family (Strobl ez al., 1995, 1998). The trypsin-binding site of RBI
formsaloop that can be cleaved by bovine trypsin, but RBI remains
inhibitory afterwards (Strobl ¢z a/., 1995), confirming that protease
inhibition follows the canonical Laskowski mechanism (Box 2)
(Maskos ez al., 1996). Structural analysis of a complex between RBI
and o-amylase from yellow meal worm ( Zenebrio molitor) revealed
that the amylase inhibitory mechanism differs remarkably between
I3 and 16 inhibitors. RBI inserts its N-terminus into the amylase
active site, almost completely filling the catalytic cleft and directly
interacting with the active site residues (Strobl eral., 1998). The
inhibitor can be displaced by large substrates (more than seven
saccharide units), confirming that RBI acts in a competitive,
substrate-like manner on o-amylase (Maskos ez a/., 1996). RBI can
form a ternary complex with bovine trypsin and porcine o-amylase
(Maskos eral., 1996), confirming that the binding sites for the
protease and amylase are independent, as is the case for BASI. The
extensive iz vitrostudies on the RBI inhibitory mechanisms have, to
our knowledge, not been complemented by studies on the role of
this bifunctional inhibitor 7z vive. For instance, it is unknown
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whether RBI inhibits endogenous o-amylases as well as pathogen
enzymes and how important this is for germination and defence.
The structural similarity between RBI and seed storage proteins, the
albumins, provokes the speculation that this Janus-type inhibitor
evolved from the small, stable albumin fold by acquiring additional
inhibitory activities.

Legumain-inhibiting cystatins (I25A): more than just an exten-
sion Plant representatives of the cystatin family (I125) are called
phytocystatins (MEROPS family 125A; see Box 1 for a brief
description of the MEROPS system) and occur in a wide range of
taxonomic groups, including green algae, mosses, monocots and
dicots (Martinez & Diaz, 2008). Most phytocystatins have a
molecular weight of 12-16 kDa and inhibit Cys proteases of the
family C1. Higher plants contain additional C-terminally extended
cystatins with a molecular weight of ¢. 24 kDa (Martinez & Diaz,
2008). The C-terminal extension is a second inhibitory site, specific
for C13 proteases, called aspariginyl endopeptidases (AEPs),
legumains or vacuolar processing enzymes (VPEs) (Martinez
etal., 2007). The presence of both C1 and Cl13 proteases is
necessary iz vitro for complete degradation of the bean (Phaseolus
vulgaris L.) storage protein phaseolin (Zakharov ez al., 2004). To
prevent germination, C1 and C13 proteases may thus be co-
regulated by legumain-inhibiting cystatins. Indeed, overexpression
of the C-terminally extended cystatin AtCYS6 in A. thaliana causes
reduced Cys protease activity and delayed germination, whereas
atcys6 null mutant seeds exhibit higher Cys protease activity and
germinate early (Hwang ez al., 2009). It remains unclear, however,
whether this requires the C1 or the C13 protease inhibitory activity,
or both. Bifunctional cystatins may be efficient regulators of
germination, as they are able to prevent both the C1- and the C13-
dependent steps of storage protein hydrolysis.

Bifunctional cystatins target different proteases via different
mechanisms, namely steric hindrance of C1 proteases and substrate
mimicry for C13 proteases. The mechanism for Cl protease
inhibition by cystatins is conserved between animals and plants
(Rawlings ez al., 2014) and is based on a tripartite wedge consisting
of the N-terminus and two hairpin loops carrying the conserved
QxVxG motif (Fig. 2d). This wedge is inserted into the active site of
the C1 protease in a tight but reversible interaction (Stubbs ez al.,
1990). C13 protease inhibition by phytocystatins involves sub-
strate mimicry using an exposed Asn residue following an a-helix
on the C-terminal extension. Interestingly, animal cystatins can
inhibit legumains (AEPs/VPEs) without an extension, as they
harbour such an Asn residue next to a helix on the back of the
cystatin domain itself (Alvarez-Fernandez eral, 1999). Bifunc-
tional phytocystatins may thus have evolved from an ancient
domain duplication, upon which each of the two cystatin domains
lost one of the inhibitory activities (Martinez et al., 2007).

2. Multidomain Inhibitors: the pearl necklace

The pearl necklace type inhibitors consist of an array of protease
inhibitory domains. Their inhibitory potential is increased through
cleavage, which releases the inhibitory domains like pearls from a
string. Gene duplication probably gave rise to these multidomain

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust

proteins. Notably, a new folding pathway led to reorganization of
the inhibitory domains of 120 inhibitors. Cyclization of the
multidomain precursor or the released inhibitory peptides occurs
for 120 and 17 inhibitors, respectively. The accumulation of
structurally similar domains in one protein can also facilitate new
regulatory mechanisms, as seen with the multicystatins (125).

Multidomain potato peptidase inhibitor I (I20): cyclization
shuffles domains As early as the 1970s, the Japanese scientist
Teruo Iwasaki determined the amino acid sequence of a fragment of
potato peptidase inhibitor II (PI-II) thatinhibited trypsin (S1) and,
to a lesser extent, chymotrypsin (S1) and subtilisin (S8) (Iwasaki
et al., 1976). Similar proteins occur in tomato (Solanum esculentum
L.), where their production is induced by wounding (Graham ez /.,
1985). Today, it is clear that inhibitors of the 120 family are present
in most monocots and dicots including maize, A. thaliana, poplar
and many solanaceous species. Most plants appear to have only one
120 inhibitor gene, whereas tomato and potato contain more
homologues (Rawlings ez al., 2014). The 120 inhibitors are clearly
associated with plant defence. Their expression increases upon
wounding (Graham ez 4., 1985; Kong & Ranganathan, 2008) and
they are constitutively made in reproductive organs, which seem
well worth special protection (Atkinson e al., 1993). Furthermore,
120 inhibitors from pepper (Capsicum annuum) inhibit the gut
proteases of the cotton bollworm (Helicoverpa armigera) in vitro
(Tamhane ez al., 2005; Joshi eral., 2014) and overexpression of
different members of the 120 family confers increased resistance to
insect pests in various species (Johnson ez a/., 1989; Tamhane ez al.,
2009; Dunse etal., 2010; Joshi eral, 2014), highlighting the
potential of 120 inhibitors for crop improvement.

Structure and fold of the 120 inhibitors are prime examples of the
fascinating intricacy of plant defence proteins. The Nicotiana alata
protease inhibitor precursor (NaProPl) is a well-studied example
(Kong & Ranganathan, 2008). NaProPl is a 43-kDa protein
produced at high levels in the female reproductive dssues of
N. alata. The amino acid sequence of NaProPI consists of six
homologous sequence repeats flanked by an N-terminal signal
peptide and a C-terminal vacuolar targeting signal (Atkinson ez /.,
1993). Both signal peptides are removed during posttranslational
processing and, eventually, the six-repeat precursor is cleaved into
six individual protease inhibitors of 6 kDa each (Fig. 3a). Two of
the inhibitors released from NaProPl inhibit chymotrypsin and
four are specific for trypsin (Lee ez al,, 1999). Each of the released
inhibitors contains eight Cys residues forming four disulphide
bonds and adopts a compact, stable fold (Nielsen ezal., 1995)
(Fig. 3a). All 120 inhibitors utilize the Laskowski mechanism
(Box 2) (Greenblatt ez al., 1989), but their 77 vivo target proteases
remain unknown. Five of the 6-kDa inhibitors released from
NaProPl are single-chain peptides, but the sixth one consists of two
chains held together by three disulphide bridges (Lee ez al., 1999).
This peculiarity arises from the way in which NaProP1 is processed
into the 6-kDa mature inhibitors. Interestingly, the underlying
cleavage sites are located not between, but within each of the
sequence repeats of NaProPI (Heath ez al., 1995). After removal of
the signal peptides, the NaProPI precursor adopts a cyclic
conformation, linking the N-terminus to the C-terminus of the
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Fig. 3 Folding and processing of multidomain inhibitors. (a) Folding and processing of the PI-II (peptidase inhibitor I1) inhibitor of Nicotiana alata (Na-ProPI,
family 120). Na-ProPI contains six sequence repeats (highlighted in different colours) that fold into six hybrid inhibitory domains (depicted as pearls). One
domain consists of the N- and C-termini linked by three disulphide bridges. The inhibitory domains are released through proteolytic cleavage by Cys proteases
(presumably family C13). The nuclear magnetic resonance (NMR) structure of the second and third domains with the cleavable linker between them has been
resolved (bottom; PDB ID 1fyb). The cleavage site for release of the two domains, which target chymotrypsin and trypsin (both family S1), respectively, is
indicated by a black arrow. (b) Folding and processing of potato multicystatin (PMC, family 125). The precursor consists of eight cystatin domains (depicted as
pearls) that are released through proteolytic cleavage by Ser proteases at low pH. Domains 5-7 remain together and have been crystallized (PDB ID 4lzi). All
released cystatin domains target papain-like Cys proteases (family C1) using a tripartite wedge inhibitory site (highlighted in red). (c) Folding and processing of
squash inhibitors (family 17). The precursor consists of five sequence repeats, each but the last ending in the aspariginyl endopeptidase (AEP)/vacuolar
processing enzyme (VPE) cleavage site Asp or Asn, indicated in yellow. Four of the released peptides (red) undergo cyclization by AEP/VPE, while the last repeat
(blue) remains acyclic. All five released squash inhibitors share the cystine knot motif with three disulphide bridges (grey). The crystal structure of the macrocyclic
knottin MCoTI-Il (Momordica cochinchinensis trypsin inhibitor-I1; PDB ID 4gux) shows the disulphide bridges linking the central loop to the periphery (yellow)

Trypsin (S1)

and the Lys residue recognized by trypsin (family S1).

peptide chain via three disulphide bridges. This circle is then
cleaved once within each sequence repeat, releasing five single-
chain inhibitors as well as one two-chain protein which contains the
N- and C-terminal ends of the NaProPl precursor (Lee eral.,
1999). NaProPI can be processed 7 vitro using C13 endopepti-
dases (Heath ezal., 1995), suggesting that asparaginyl endopepti-
dases (AEPs/VPEs/legumains, family C13) might release the 6-
kDa inhibitors 77 vivo.

The peculiar mechanism of NaProPI maturation prompts the
question of how this protein might have evolved. It is very likely
that the ancestor of the 120 family consisted of a single sequence
repeat folding into a single domain inhibitor. Sequence duplication
events then gave rise to multi-repeat proteins that eventually
adopted the cyclic fold and processing sites within each sequence
repeat. This scenario is endorsed by the finding that a single
ancestral NaProPI sequence repeat can fold into a functional
inhibitor when it is expressed in bacteria (Scanlon ez 4/, 1999). As
soon as more than one repeat is present, however, the artificial
ancestral 120 inhibitor adopts a cyclic conformation and is
processed within the repeats (Lee ez al., 1999). Notably, not all of
the 120 inhibitors need to be cleaved in order to be active. The two-
domain tomato inhibitor II has been crystallized in a ternary
complex with two subtilisin molecules, showing that both
inhibitory sites are accessible simultaneously (Barrette-Ng ez al.,
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2003). Analysis of nonsynonymous/synonymous mutation rates
within the whole 120 family revealed that that the cysteine scaffold
thatdetermines the structure of the cyclic precursors as well as of the
released inhibitors is under purifying selection. This underscores
the evolutionary pressure towards a cyclic precursor that may be
explained by its elevated thermodynamic stability. The active
residue of the released inhibitors, however, is under diversifying
selection, presumably leading to specificity for different target
proteases (Kong & Ranganathan, 2008).

Squash inhibitors (I7): knottins laced up Squash inhibitors
(MEROPS family I7) occur in the seeds of Cucurbitaceae and are
macrocyclic knottins of <50 amino acids, stabilized by multiple
disulphide bridges in the cystine knot motif. The squash inhibitors
we discuss here are released from multidomain precursors
containing up to eight repeats (Hernandez ezal., 2000; Mylne
et al., 2012). Given their abundance and strong inhibitory activity
against trypsin-like proteases used by mammalian, insect and
fungal seed predators, squash inhibitors might be involved in
defending seeds against predation (Burman eral, 2014; Mahat-
manto, 2015), but a role as storage proteins in seeds has also been
envisaged (Mahatmanto ezal, 2015). To our knowledge, no
protease has yet been identified as a natural target of squash
inhibitors.
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The cystine knot is a common motif that stabilizes squash
inhibitors as well as a range of other, unrelated plant peptides
known collectively as the cyclotides. The knot is based on a hairpin
of two antiparallel B-strands containing three cysteines linked to the
periphery via three disulphide bridges. A third, nonstandard
B-strand is present in one of the loops, which are otherwise not
canonically structured (Fig. 3¢) (Saether ezal., 1995; Craik ez al.,
1999; Mylne ezal., 2012). Squash inhibitors are released from
multidomain precursors and cyclized via transpeptidation by
asparaginyl endopeptidases, also called vacuolar processing
enzymes (AEPs/VPEs, family C13) (Saska eral., 2007; Gillon
etal., 2008; Mylne ez al., 2012). The last repeat of the inhibitor
precursor remains acyclic, but nevertheless inhibits trypsin (Mylne
etal., 2012). The squash inhibitors are members of the 17 family
that shares the Laskowski mechanism of inhibition (Box2)
(Otlewski & Zbyryt, 1994; Hernandez ez al., 2000).

Interestingly, macrocyclization of cystine knot peptides seems to
have evolved several times in parallel. The whole subtropical
cucurbit genus Momordica has an acyclic, single-domain cystine
knot inhibitor, while multidomain precursors encoding macro-
cyclic knottins are only found in a subgroup of related species,
indicating they may have arisen through recent gene duplication
events (Mahatmanto e 4/, 2015). Additionally, cyclotides occur in
the Rubiaceae, Violaceae, Fabaceae and Solanaceae. The corre-
sponding precursors differ between species with regard to the
number of cystine knot repeats (Mylne ez al., 2012). All of these
precursors share the recognition sites necessary for cleavage and
cyclization by AEPs/VPEs (Hara-Nishimura ez al., 1991; Hiraiwa
etal., 1999) and a Gly residue needed to form a circle (Jennings
etal.,2001). The ability of AEPs/VPEs to cyclize peptides may have
acted as an evolutionary channel, lending the selective advantage of
increased stability to cystine knot peptides that start with a Gly and
end in Asp/Asn (Mylne ez al., 2012).

Macrocyclic knottins are an excellent template for artificial mul-
tifunctionalization. Different engineered MCoTI-II (Momordica
cochinchinensis trypsin inhibitor-1I) knottins specifically inhibit
proteases from different catalytic classes, namely chymotrypsin
(family S1, Ki in nM range), subtilisin (family S8, Ki in tM range),
a viral Cys protease (family C3, Ki in in pM range) (Thongyoo
etal., 2008), tryptase and leukocyte elastase (both family S1)
(Thongyoo et al., 2009).

Multicystatins (I25A): release at the right moment Phytocys-
tatins form a separate subfamily 125A within the cystatin family 125
(Margis ez al., 1998; Rawlings ez al., 2014). Phytocystatins inhibit
papain-like Cys proteases (family C1) and are common among
plants from green algae to A. thaliana, tomato, rice and maize
(Rawlings ez al., 2014). Some members of the phytocystatin family
also inhibit C13 proteases using a C-terminal extension, as
discussed in subsection 1.4. In this paragraph, we focus on the
numerous cases where phytocystatins occur as multidomain
proteins (Rawlings ez al., 2014) consisting of up to eight inhibitory
cystatin domains (Walsh & Strickland, 1993). Multidomain
cystatins (multicystatins) play various biological roles in both
potato and tomato. The potato multicystatin (PMC) occurs in
potato tubers and inhibits tuber proteases (Kumar ezal, 1999).
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PMC is produced during early stages of tuber formation, which are
associated with a decrease in proteolytic activity in the tuber, which
may facilitate storage protein accumulation. Indeed, accumulation
of PMC to up to 12% of total soluble tuber protein precedes the
accumulation of patatin, the main storage protein in potatoes that
makes up 40% of the soluble protein content (Mignery et al., 1988;
Pouvreau ezal., 2001; Weeda eral, 2009). In ageing tubers,
proteolytic activity increases again, coinciding with a drop in the
detectable levels of PMC (Kumar etal, 1999). Thus, PMC
abundance appears to regulate the process from building up the
protein reserves in potato tubers to their mobilization during ageing
and germination. Multicystatin expression in tomato leaves is
induced by various elicitors of plant immunity (Siqueira-Janior
etal., 2002; Uppalapati ezal., 2005; Girard ezal, 2007) and
tomato multicystatin inhibits proteases from insect digestive tracts
and impairs the growth of plant pathogenic fungi in vitro (Siqueira-
Janior eral., 2002). Similar experiments show that potato muldi-
cystatin inhibits the growth of corn rootworm larvae, predators of
an important food crop, when added to an artificial diet (Orr ez al.,
1994).

Multicystatins have the intriguing capacity to crystallize in native
tissues. Cys protease inhibiting crystals were first observed in potato
tubers (Cohn, 1859; Rodis & Hoff, 1984), but they also occur in
tomato leaves (Akers & Hoff, 1980). Multicystatin crystals localize
to the cytosol in potato (Nissen et al., 2009) as well as in tomato
(Madureira ez al., 2006). The transition between crystalline and
soluble states for PMC is now quite well understood. Solubilization
of PMC occurs at mildly acidic pH, exposing the inhibitory
domains to target cysteine proteases (Orr eral, 1994). Recent
structural analyses show that low pH weakens the interdomain
interactions in PMC, explaining this regulatory mechanism (Green
etal., 2013). As soon as it is soluble, PMC can be cleaved by serine
proteases (Walsh & Strickland, 1993) to release three fragments,
which collectively contain eight cystatin domains. Inhibition of Cys
proteases by each of the eight domains occurs via the cystatin
mechanism (subsection 1.4). The acidic environment of certain
areas in the insect gut is thought to activate the inhibitor exactly
when and where it is needed to hinder the protein catabolism of the
insect pathogen, but not the host plant (Green etal, 2013).
Multicystatins presumably evolved from an ancestral, single-
domain plant cystatin via gene duplications. Although it is known
that phytocystatins inhibit papain-like cysteine proteases (family
C1) (Tajima ez al., 2011), it is as yet unknown which proteases are
regulated by multicystatins (Benchabane ez /., 2010).

3. Promiscuous inhibitory folds: the mouse trap type

In this section, we describe two protease inhibitor families that
utilize a mechanical trapping mechanism to sequester their target
proteases. The nature of these mechanisms is destructive: inhibition
is irreversible and dooms both the protease and the inhibitor to
degradation. The active site that is recognized by the enzyme can
vary in mouse trap type inhibitors without affecting the function-
ality of the trap. Accordingly, mouse trap type inhibitors have
developed multifunctionality in the sense that the same inhibitory
fold can be used to target different proteases.
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Serpins (I4): springing the mouse trap on Ser and Cys
proteases Ser and Cys protease inhibitors of the MEROPS family
14, called serpins, occur in the grains of cereals of the Triticeae tribe,
including barley, rye (Secale cereale L.), and wheat, and in oat
(Avena sativa L., Pocae tribe) (Roberts eral., 2003). As highly
abundant grain proteins, serpins are found even in fully processed
beer (Hejgaard & Kaersgaard, 1983; Hejgaard ez al., 1985). The
biological role(s) of serpins remains somewhat unclear, although
there are hints in two directions. First, artificial diets containing
serpins impair growth and fertility of insect pests, indicating a
potential role in defence and highlighting the potential serpins hold
for crop improvement (Thomas ez al., 1994, 1995; Yoo ez al., 20005
Alvarez-Alfageme et al., 2011). Second, two putative plant target
proteases of A. thaliana serpin 1 (AtSerpinl) are involved in
programmed cell death (PCD), suggesting that AtSerpinl could
have a prosurvival function. AtSerpinl inhibits metacaspase
AtMCY (family C14) in vitro and co-localizes with AtMC9
invivoin the extracellular space (Vercammen ez a/., 2006). Electron
microscopic images of atmc9 mutant A. thalianaleaf cells suggest a
role for AtMCD9 in clearance of the cell contents after tonoplast
rupture (Bollhdner ezal., 2013). The second putative AtSerpinl
target protease is the C1 protease Responsive to Desiccation 21
(RD21), which was identified as an 77 vivo interaction partner
during pull-down of AtSerpinl from plant extracts (Lampl ez al.,
2010). The RD21 precursor protein accumulates in endoplasmic
reticulum-derived protease storage bodies, which fuse with each
other and the vacuole under stress conditions. Fusion is believed to
lead to activation of the proteases which assist in recycling of cellular
contents during stress-induced PCD (Hayashi ez 4/, 2001). In line
with this role of RD21, PCD during plant infection with the
necrotrophic fungi Botrytis cinerea and Sclerotina sclerotiorum is
accelerated in the asserpini knockout, but prevented in plants
lacking RD21. Interestingly, Lampl ez al. (2013) detected AtSer-
pinl-GFP fusions expressed from the endogenous promoter
mainly in the cytoplasm, in contrast to the previously reported
extracellular localization (Vercammen et 4., 2006). In addition,
increased resistance of 7421 mutant leaves to infection by Borytis
cinerea is in contrast to earlier findings that 7427 mutant plants are
more susceptible than the wild type to Botrytis cinerea (Shindo ez al.,
2012). Some serpins act as traps with a versatile bait, like the barley
serpin BSZx. Using overlapping sites within its reactive centre loop,
BSZx can inhibit trypsin, chymotrypsin and, to some extent,
cathepsin G (all family S1) 7 vitro (Dahl ez al., 1996). Evolution-
arily, inhibitory serpins are conserved throughout the kingdoms of
life, although they vary widely between uni- and multicellular
organisms (Roberts ezal, 2004). Chlamydomonas serpins, for
instance, have an intron—exon structure distinct from that of higher
plant serpins. The reactive centre loops differ remarkably between
monocots and dicots, suggesting that serpins might have diverged
with regard to target proteases and biological functions (Roberts &
Hejgaard, 2007).

With regard to structure and mechanism, serpins are unique
among plant protease inhibitors. The structure of the 43-kDa
inhibitor AtSerpinl has been resolved by crystallography and
consists of three conserved 3-sheets and nine conserved a-helices, as
is common among animal serpins (Fig. 4a) (Lampl ez al., 2010).
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Serpins inhibit their target proteases in a unique, suicidal manner.
Ser and Cys proteases cleave the serpin reactive loop, forming an
acyl-enzyme intermediate with the serpin. Cleavage triggers a
profound conformational change in the metastable fold of the
serpin, which deforms the active site of the protease and irreversibly
binds it to the inhibitor (Fig.4b). This remarkable trapping
mechanism (Huntington ezal, 2000) allows for a structural
separation of inhibitory activity from protease specificity. Thus,
members of the serpin family share the same fold, but targeta range
of Ser and Cys proteases (Fluhr ez al., 2012; Rawlings ez al., 2014).

o-macroglobulin (I39): the gilded cage Functional macroglob-
ulin genesare annotated in only a few plant species, according to the
MEROPS database (Rawlings ez al., 2014) and a recent compar-
ative genomics study (Santamaria eral, 2014). This includes
cucumber (Cucumis sativus), alpine strawberry (Fragaria vesca), the
alga Micromonas sp. RCC299 and black cottonwood (Populus
trichocarpa). However, the structure, specificity and mechanism of
action of this family are intriguing. Macroglobulins are large
(c. 200-kDa) glycoproteins and their structure resembles a round
cage (Fig. 4¢) (Sottrup-Jensen, 1989). a-macroglobulins possess an
exposed bait region with recognition sites for various types of
endopeptidases, cleavage of which triggers a conformational
change. Thus, the protease gets trapped inside the large macroglob-
ulin protein, much like in a cage (Fig. 4d) (Feldman ezal., 1985).
The caged peptidase cannot bind large targets or inhibitors any
more, but remains accessible for small molecules (Sottrup-Jensen,
1989). Variation of the bait region does not affect the inhibitory
mechanism, allowing for multifunctionality of the macroglobulin
fold (Sottrup-Jensen, 1989). The physiological role of macroglob-
ulins in plants remains obscure. The versatile functions of this
protease inhibitor family in animals and bacteria are reviewed
elsewhere (Budd ez 2/, 2004; Rehman ez al., 2013).

lll. Significance of multifunctional protease inhibitors
in the plant research arena

Multifunctional protease inhibitors represent hubs that regulate
distinct branches of the plant physiological network, for instance
defence and tuber sprouting in the case of the potato multicystatin
(family I25). For one inhibitor to do several biological jobs, it must
often target multiple proteases of different families or even
different catalytic classes. This can be achieved through several
inhibitory interfaces on the same protein, as seen with the Janus-
type and the multidomain 120 inhibitors, or through one
promiscuous interface, as seen in the mouse trap type inhibitors.
A different way to assign multiple biological functions to one
inhibitor is to produce it on different occasions in space and time.
For instance, multicystatins (family 125) accumulate in tomato
and potato leaves in response to wounding as well as in potato
tubers when building up storage protein reserves. Through
whichever route inhibitors acquire multifunctionality, the result
is a protein that provides a link between the biological processes it
regulates. Increased knowledge of multifunctional protease
inhibitors will therefore promote a network-level understanding
of plant physiology. The evolutionary history of inhibitors in their
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Fig. 4 Serpin and «2-macroglobulin, the promiscuous mouse traps. (a) Top pane, crystal structure of the serpin AtSerpin1 (family 14; PDB ID 3le2) showing the
reactive centre loop (RCL; red) that can be cleaved by C1 papain-like Cys protease RD21 (family C1A) or metcaspase-9 (MC9, family C14). Cleavage causes a
conformational change thatinserts the loop (blue) asa new anti-parallel B-sheet between the two -sheets (blue arrows). Bottom panel, schematicillustration of
the mouse trap mechanism. Cleavage of the RCL results in a conformational change that insets the blue strand of the loop into the serpin structure, irreversibly
deforming the serpin and the covalently trapped protease. (b) Upper panel, crystal structure of human a2-macroglobulin (family 139; PDB ID 4acq). Only two of
the four subunits are shown, in grey and blue, respectively. The bait peptide structure is unresolved and indicated with a red dashed line. The Cys-Glu thioester
(green) traps the protease covalently. Lower panel, simplified illustration of the inhibitory mechanism of s:2-macroglobulin. Any small-size protease that cleaves
the promiscuous bait peptide triggers a conformational change that traps the protease in a cage. The thioester (green loop) reacts with any Lys residue on the

surface of the protease, thereby covalently immobilizing the protease in the cage.

role as regulatory hubs could then reveal how the network was
restructured over time.

Multifunctional protease inhibitors share stabilizing structural
features, most notably a compact fold linked covalently by
disulphide bridges. This structural similarity may resemble a
common evolutionary road to multifunctionality. It appears that
small, stable proteins, such as protease inhibitors, are well suited to
acquire a (second) inhibitory function, as they are already fit to
persist in harsh environments with high proteolytic activity.
Additional protease inhibitory activities may await discovery in
many small, stable proteins, including the known multifunctional
inhibitors. A second, even more obvious road towards multifunc-
tionality is duplication of inhibitory domains, which can further
lead to neofunctionalization of the duplicate, rearrangements in the
overall protein structure or emergence of new regulatory mecha-
nisms (subsections 1.1 and 2).

On the applied side, recombinant expression of multifunctional
inhibitors from families 112, 113, 120 and 125 has been successfully
used to generate pest-resistant crop plants (Orr ezal., 1994; Xu
etal., 1996; Siqueira-Janior etal, 2002; Dunse etal, 2010).
Furthermore, 13 and 120 inhibitors were used to limit proteolysis of
recombinant human proteins produced in plants, tackling a major
issue in molecular farming (Kim ez al., 2008; Goulet ez al., 2012).
Increasing our understanding of how multifunctional inhibitors
link physiological networks could facilitate new applications. For
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instance, recombinant protein degradation could be prevented very
effectively by controlling regulators of proteolytic cascades in the
plant. Inhibitors that interfere with endogenous as well as
exogenous proteases could protect crops from pests and premature
senescence. In medicine, multifunctional plant protease inhibitors
of family 112 have been used to limit undesired protease activity as
potential anticancer drugs (da Costa Souza ez al., 2014).

In one case, the concept of multidomain inhibitors has been
taken further using artificial multidomain inhibitors consisting of
five naturally occurring domains (families 125 and I31) to create a
more stable and more potent inhibitor than its natural, single-
domain counterparts. Overexpression of this custom-made mul-
tidomain inhibitor in potato increases resistance to the insect pest
Frankliniella occidentalis(Outchkourov et al., 2004). Some impres-
sive examples of custom-made inhibitors based on a known
muldfunctional fold are found among the squash inhibitors
(subsection 2.2). However, the relatively low affinity of the
engineered squash inhibitors for their targets highlights the issue
that a deeper understanding is needed to develop synthetic
approaches. Knowing all essential features of an inhibitor structure,
one could design completely novel inhibitors, customized for
desired applications.

From the examples discussed throughout this review, it is clear
that several roads to multifunctionality exist, starting from
adaptation of target recognition sites in stable proteins or gene
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duplication, with the latter branching out in multiple directions.
Fine-mapping of these roads will facilitate the construction of
custom multifunctional inhibitors while, at the same time,
enhancing our knowledge about regulatory hubs in the plant
physiological network.
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