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4.9 Discussion

The optimisation of the MmPepT1ECD crystals was serendipitous. The first batch of

buffer bought from Emerald Bioscience produced the rod crystals (Figure 4.5A) which

gave the 2 Å diffraction observed in N1, N2 and the Hg-SAD datasets. However, efforts to

recreate this diffraction have proved unsuccessful. Only the box morphology crystals (3 Å

diffraction), which have the same cell dimensions, have been grown since from either new

bought buffer from Emerald Biosciences or made manually. Sparse matrix micro seeding

experiments (described in § 2.7.5) using the box crystals as seeds, also did not produce

any highly diffracting crystals. So it appears that the first batch of bought buffer was

unique.

The N2 dataset highlights an error made during the data collection of a high resolution

dataset; an incomplete dataset was collected during the 100 ○ φ wedge. A subsequent

wedge was collected so that a complete sampling of the reciprocal lattice could be made.

However, this should not have been necessary, if the strategy produced by iMosflm

(Powell, Johnson, and Leslie 2013) or EDNA (Incardona et al. 2009) had been followed.

Overall the structure of the ASU has been determined to 2.10 Å within an acceptable

error. The data collection statistics (Table 4.2) are in keeping with current views on data

reduction (Evans and Murshudov 2013). The model was built to an Rwork and Rfree of 0.193

and 0.242 respectively, indicating the model fits the density. 95% of the Phi/Psi angles are

within favoured regions of the Ramachandran plot. The MmPepT1ECD structure was in

the 99th percentile of structures for a resolution of 2.10 Å. These two metrics are indicators

of a correctly built structure within the current knowledge of all structures in the PDB.

The model of the MmPepT1ECD indicates that the domain is predominantly structured.

The ECD can be further divided into two sub-domains, lobes connected by a linker. It

is not clear from examination of the ASU if the dimerisation observed in the ASU is a

physiological arrangement the ECD forms between separate transporters in a biological

membrane. The structure prompts several questions which are explored in Chapter 6 such

as:

� Is the dimerisation observed in the ASU physiological?

� Are the two lobes free in solution or do they have a preferred orientation?
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� How does the ECD sit in relation to the TM domain and does it have a functional

role in transport?
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5
Crystal structure of the R. norvegicus PepT2ECD

5.1 Summary

In this chapter, the crystallisation and X-ray structure determination of the

PepT2ECD is explained. The organism and length of the PepT2ECD required

optimisation. A RnPepT2ECD 410 − 601 construct was found to crystallise.

Trigonal crystals were grown using hanging drop vapour diffusion with a well

condition of 21% v/v PEG 3350, 0.2 M (NH4)2 Citrate pH 5.8. The phases

were solved using the SeMet SAD method and the structure was solved in

space-group P3221 to 2.84 Å resolution. These crystals were used as seeds to

crystallise the protein in a different space-group, P41212 that diffracted X-rays

to 2.06 Å. The model shows that the PepT2ECD, like PepT1ECD is composed

of two lobes connected by a flexible linker, although these lobes appear to be

in a different conformation.
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5.2 MmPepT2ECD 410 – 609 spare matrix crystallisation

experiments.

The MmPepT2ECD construct 410−609 was screened for crystallisation in sparse matrix 96-

well screens. Protein was prepared prior to crystallisation by passing the sample through

a Superdex S75 16/60 GF column to assess the mono-dispersity and purity of the sample

(Figure 5.1). The MmPepT2ECD 410 − 609 crystallisation concentration was screened in

the PEG/Ion matrix at 5.0, 7.5, 10.0, 15.0, and 20.0 mg/mL. The optimum MmPepT2ECD

410 − 609 concentration was found to be 7.5 mg/mL for PEG/Ion which showed precip-

itation in approximately 30% of drops. This concentration was then used for the other

screens.

Figure 5.1: MmPepT2ECD 410 − 609 GF trace and gel. (A) A Superdex S75 16/60
GF trace in 20 mM Tris pH 7.5, 150 mM NaCl. The red band indicates the fractions run
on a reducing 15% Tris-Gly SDS-PAGE gel (B). The double protein bands present on the
gel were both sent for analysis by mass-spectroscopy and were both confirmed to be the
full 410 − 609 construct.

Crystallisation screening experiments were prepared at the OPPF-UK using a Cartesian

crystallisation robot in 96-well sitting drop Greiner plates (§ 2.7.1). Initially, the GF buffer

used for preparation of the MmPepT2ECD 410−609 sample was 20 mM Tris pH 7.5, 150

mM NaCl. These crystallisation experiments did not yield any crystals. However, many

conditions did produce drops which showed micro-crystals or crystalline-like precipitate.

Table 5.1 shows the well conditions where crystalline precipitate was observed. 96-well

optimisations (see Figure 4.4) were performed using the conditions in Table 5.1, but no
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improvement was observed. Predominantly the conditions which showed signs of crys-

tallisation were buffered below pH 8.0. To improve the probability of crystallisation, the

stability of the construct as a function of pH was assessed using FSC (Ericsson et al. 2006;

Dupeux et al. 2011).

5.2.1 Fluorescence scanning calorimetry of the MmPepT2ECD 410 – 609

construct

FSC was first proposed by Pantoliano et al. (2001) as a HT method to assess the binding

of compound libraries to a protein target. As a protein solution is heated, the protein will

gradually start to unfold as the H-bond enthalpies are surmounted by the energy of the

surrounding solution. As more heat is continually applied, the entire protein chain un-

folds. Assuming a folded protein has a hydrophobic core, the process of complete protein

unfolding exposes a proportional amount of hydrophobic residues. Unfolding is measured

by the incorporation of a fluorescent dye, such as Sypro orange. Sypro orange’s fluores-

cent excitation and emission wavelength is dependent upon the proximity of hydrophobic

areas. Therefore the fluorescence of the Sypro orange increases proportionally as more

hydrophobic residues are exposed to bulk solvent.

The protocol used for the determination of the protein melting temperature (Tm) was

based upon Niesen, Berglund, and Vedadi (2007) (§ 2.8.1). The stability of MmPepT2ECD

410− 609 construct was examined in the presence of four different buffers: PIPES pH 6.5,

MOPS pH 7.0, HEPES pH 7.5 and HEPES pH 8.0. The raw data curves and calculated

Tms are shown in Figures 5.2A and 5.2B respectively. There was an observed drop in Tm

from 50.8 to 45.8 ○C over pH range 6.5 − 8.0. Dupeux et al. (2011) suggested that a Tm

of > 45 ○C indicates a good probability of crystallisation. The higher the Tm, the higher

the stability and the greater the probability of crystallisation. Therefore MmPepT2ECD

410 − 409 was exchanged into 20 mM PIPES pH 6.5 and 20 mM Na Acetate pH 4.5, and

sparse matrix crystallisation experiments were repeated. Unfortunately these experiments

also yielded no crystals.
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Screen Well Condition

JCSG+

B7
0.1 M Na Acetate pH 4.5

8% v/v PEG 4,000

C7
0.2 M Zn Acetate

0.1 M Na Acetate pH 4.5
10% v/v PEG 3,000

E8
0.1 M Na Acetate pH 4.5

1 M (NH4)2HPO4

WizardTM I+II

E1
0.2 M Li Sulfate

0.1 M Na Acetate pH 4.5
10% v/v PEG 3,000

E2
0.2 M Zn Acetate
0.1 M MES pH 6.0

35% v/v MPD

F9
0.1 M Na Acetate pH 4.5

35% v/v MPD

G6
0.2 M Zn Acetate

0.1 M Imidazole pH 8.0
20% v/v 1,4-Butandiol

H11
0.2 M Zn Acetate

0.1 M Imidazole pH 8.0
2.5 M NaCl

WizardTM III+IV E10
0.2 M MgCl2

0.1 M Cacodylate pH 6.5
50% v/v PEG 200

PEG/Ion
C5

0.2 M K Acetate
20% v/v PEG 3,350

C5
4% w/v Tacsimate pH 7.0

12% v/v PEG 3,350

Table 5.1: A list of the conditions which grew MmPepT2ECD micro-crystals
or crystalline like precipitate.
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Figure 5.2: MmPepT2ECD 410 − 609 FSC results. (A) Raw FSC data curves. (B)
A bar graph of the averaged Tm of 4 samples with 95% confidence limits. The bar graph
shows that the pH of the solution has a significant (to the .05 criterion) effect on the
stability of the MmPepT2ECD 410 − 609.

5.2.2 Reductive methylation of the MmPepT2ECD 410 – 609 construct

Increasing the stability of the protein through buffer optimisation did not appear to influ-

ence crystallisation favourably, so other techniques were pursued. Reductive methylation

of exposed lysine residues reduces the conformational flexibility of the residues (Cooper

et al. 2007) and changes the solvent exposed surface of the protein, increasing the propen-

sity of crystallisation (Walter et al. 2006). The reductive methylation protocol (§ 2.7.3)

used was essentially the same as Kim et al. (2008). Figure 5.3 shows the GF traces of

the methylated 410 − 609 compared to the unmodified protein. The methylated protein

shows a relative decrease in Ve compared to WT, indicating that the methylated protein

is larger than WT and the methylation did not affect the mono-dispersity of the protein.

The methylated protein was exchanged into 20 mM PIPES pH 6.5, 150 mM NaCl and

used for sparse matrix crystallisation experiments. Again no crystals were observed in any

of the experimental drops.

5.2.3 In situ limited proteolysis of the MmPepT2ECD 410 – 609 con-

struct

The MmPepT2ECD 410 − 609 construct has a Tm at pH 6.5 of 50.8 ○C, suggesting a

stable folded protein. Diffracting crystals were not observed in approximately 13,000
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Figure 5.3: A comparison between the MmPepT2 410 − 609 WT and methy-
lated protein GF traces. The Superdex S75 16/60 GF column was equilibrated in 20
mM Tris pH 7.5, 150 mM NaCl. The methylated MmPepT2ECD 410 − 609 Ve decreased
suggesting the protein has a larger volume compared to WT.

experimental drops, which suggests that a flexible region of the 410− 609 construct might

be preventing crystallisation. In situ limited proteolysis has been shown to be effective in

aiding the crystallisation of bacterial and eukaryotic proteins with exposed flexible regions

(Dong et al. 2007; Wernimont and Edwards 2009).

The Floppy-Choppy kit (Jena Biosciences) is composed of 4 proteases: α−chymotrypsin,

trypsin, subtilisin A and papain. An initial cleavage assay was performed to see if discrete

fragmentation was observed. Each protease was diluted into 3 stock solutions: 0.1, 0.01

and 0.0001 mg/mL. Each dilution was mixed 1:1 with 10 µL of 20 mg/mL 410 − 609

solution and incubated for 2 hr at RT. The reaction was quenched with reducing SDS-

PAGE gel loading buffer and the samples run on a NuPAGE® 10% Bis-Tris Midi gel

(Figure 5.4A).

The gel (Figure 5.4A) indicated that the 410 − 609 construct did fragment. A consistent

fragment of 21 kDa was present in all of the protease digests. This suggested that a small

fragment exists at either the N- or the C-terminus of the construct which was readily

cleaved, and so is likely to be exposed and flexible. Figure 5.4B shows the MmPepT2

410 − 609 sequence with the PeptideCutter (Gasteiger et al. 2005) predicted trypsin

and α-chymotrypsin sites highlighted. The blue circle shows the probable cleavage point
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Figure 5.4: Results and analysis of the MmPepT2ECD 410 − 609 limited pro-
teolysis experiment. (A) A reducing NuPAGE® 10% Bis-Tris Midi gel showing the
cleavage of MmPepT2ECD 410−609 using α-chymotrypsin, trypsin, subtilisin A and papain.
0.05, 0.005 and 0.0005 corresponds to the final concentration of the proteases (mg/mL) in
the experiment (the 0.05 mg/mL fraction for the subtilisin A did not show up on the gel).
(B) The MmPepT2ECD 410−609 amino-acid sequence. The PeptideCutter (Gasteiger
et al. 2005) predicted cleavage residues for trypsin (▼) and α-chymotrypsin (▲) are shown.
The blue circle indicates the likely cleavage point which resulted in the 21 kDa fragment.
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which gave rise to the 21 kDa fragment observed in Figure 5.4A.

In situ crystallisation experiments were prepared using α-chymotrypsin and trypsin, as

these two proteases seemed to give the clearest 21 kDa band. Prior to in situ proteolysis

crystallisation experiments, 10 µL of 20 mg/mL protein solution was mixed with 10 µL of

40 µg/mL protease. Sparse matrix crystallisation experiments were prepared as described

in § 2.7.1. Some potential hits were observed, but were discovered to be salt crystals.

5.2.4 Using NMR to investigate the structural flexibility in the 410 –

601 MmPepT2ECD construct

The crystallisation experiments of MmPepT2ECD 410 − 609 were not yielding diffracting

crystals. To assess the flexibility of the 410 − 609 construct, an Heteronuclear single

quantum coherence (HSQC) experiment was performed (§ 2.8.2). Figure 5.5 shows an

HSQC spectra of MmPepT2ECD 410 − 609. There are 7 − 8 very high intensity peaks in

the centre of the spectrum (8 − 9 1H ppm, 116 − 126 15N ppm) which suggests backbone

amide protons in a highly flexible state (Figure 5.5, red circle). The W596 indole 15N peak

(10 1H ppm, 129 15N ppm) also appears as a doublet, suggesting that the indole ring has

two distinct conformations. It is not possible to assign the backbone amide peaks solely

from the HSQC. However, given the conformational flexibility of the W596 observed in the

HSQC spectra, and the results from the limited proteolysis experiment, the 7 − 8 highly

flexible residues were assumed to be at the C-terminus.

5.3 MmPepT2ECD 410 – 601 sparse matrix crystallisation

experiments.

The in situ proteolysis and HSQC experiment suggested that there was a flexible region

in the MmPepT2ECD 410 − 609. This flexible region may be preventing crystallisation.

Based on the sequence alignments of the PepT2ECD sequences (Figure 3.3), it was decided

that this region was likely to be in the C-terminus of the ECD. Therefore a new truncated

construct was designed, 410 − 601.

MmPepT2ECD 410 − 601 was expressed and purified as described in the § 3.5.3. The GF
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Figure 5.5: An HSQC spectrum of the MmPepT2ECD 410 − 609 construct col-
lected at pH 5.5. The red circle indicates the location of the strong amide proton peaks
typical of flexible protein.

buffer used in the last step of the purification was 20 mM Na Acetate pH 5.5, 150 mM

NaCl, and this buffer was also used as the crystallisation buffer. The 410 − 601 construct

was subjected to sparse matrix crystallisation experiments (§ 2.7.1) at a concentration of

10 mg/mL, but once again no crystals were observed from these experiments.

5.3.1 HSQC experiment of the MmPepT2ECD 410 – 601 construct

To ascertain whether the truncated 410 − 601 construct still contained areas of amide

proton flexibility, an HSQC experiment was performed as described in § 2.8.2. Figure 5.6

shows an HSQC spectra of the MmPepT2ECD 410−601 construct. Compared to Figure 5.5,

there is a reduction in the peak intensities in the 8− 9 1H ppm, 116− 126 15N ppm range.

New peaks are also visible around the periphery of the spectrum at: 10 1H ppm−118 15N

ppm and 7.4 1H ppm−102 15N ppm. The W596 indole 15N peak appears to have shifted

to 9.9 1H ppm−129 15N ppm and is now a singlet. These changes between the 410 − 609

and 410− 601 spectra suggest that the flexible region was between residues 602− 609, and

that the 410 − 601 is more readily amenable to crystallisation.
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Figure 5.6: An HSQC spectrum of the MmPepT2ECD 410 − 601 construct
collected at pH 5.5. The spectrum is more dispersed than the spectrum of the
MmPepT2ECD 410−609 construct (see Figure 5.5) and the peak intensities in the backbone
amide region appear less intense.

5.4 RnPepT2ECD 410 – 601 crystallisation experiments

At this point, due to the lack of MmPepT2ECD crystals, more PepT2 genes were bought;

RnPepT2, XlPepT2 and DrPepT2 (Uniprot codes given in Table 2.1). The cloning and

test expression of these genes in the pLou3 and pEHisTev vectors is described in § 3.5.

The RnPepT2ECD 410 − 601 construct could be stably expressed and purified using the

same protocol as the MmPepT2ECD 410−601 (§ 3.5.3). The GF buffer used in the last step

of the purification was 20 mM Na Acetate pH 5.5, 150 mM NaCl as this buffer increased

the quality of the NMR spectrum. This buffer was also used as the crystallisation buffer.

5.4.1 Sparse matrix screening

The 410 − 601 construct was subjected to sparse matrix crystallisation experiments as

described in § 2.7.1. The RnPepT2ECD 410−601 construct initially gave crystallisation hits

in Tartrate and Citrate buffered conditions with 20% v/v PEG 3,350 in the matrix screens

PEG/Ion, JCSG+, and WizardTM III+IV at 20 ○C (Figure 5.7A). A list of the conditions
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Figure 5.7: RnPepT2ECD 410 − 601 crystals. (A) Initial crystal hit grown from a
96-well WizardTM III+IV screen, condition 1 (20% v/v PEG 3,350, 0.2 M (NH4)2 Citrate
pH 5.8). (B) Optimised RnPepT2ECD crystals, grown in a 24-well hanging drop plate
under the conditions.

which gave crystals is shown in Table 5.2. Crystal nucleation was generally observed

after 3 hr and growth continued for approximately 4 days. Final crystal dimensions were

approximately 15.0 × 15.0 × 75.0 µm with a hexagonal prism morphology.

5.4.2 Crystal optimisation

The crystal hits displayed in Table 5.2 could be repeated in the 96-well sparse matrix

screens. To increase the size of the crystals, optimisation experiments were performed in

24-well hanging drop plates (described in § 2.7.2). The crystal hits outlined in Table 5.2

indicated that 20% v/v PEG 3,350 was important for crystallisation. However, it was

unclear which Citrate or Tartrate salt, if any, were better for growing large crystals.

Crystal optimisation (discussed in § 4.2.2) was performed in 24-well hanging drop plates

with 6 different buffers; K3 Citrate pH 8.3, Na3 Citrate pH 8.3, Na2 Tartrate pH 7.3,

(NH4)2 Tartrate pH 6.6, (NH4)2 Citrate pH 5.1 or (NH4)3 Citrate pH 5.8, at either 0.1 or

0.2 M. The buffer which gave the clearest drop with the largest crystals (100.0×100.0×200.0

µm) was 0.2 M (NH4)3 Citrate pH 5.8 at either 20 or 21% v/v PEG 3,350. The crystals

(Figure 5.7B) from these two conditions were used for the Native, Se-SAD and Se-pk

datasets (Table 5.3).
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Screen Well Condition 20 ○C 4 ○C

PEG/Ion

C12
0.2 M Na2Tartrate pH 7.3

!
20% v/v PEG 3,350

D1
0.2 M KNaTartrate pH 7.4

!
20% v/v PEG 3,350

D2
0.2 M (NH4)2Tartrate pH 6.6

!
20% v/v PEG 3,350

D10
0.2 M Na3Citrate pH 8.3

! !
20% v/v PEG 3,350

D11
0.2 M K3Citrate pH 8.3

! !
20% v/v PEG 3,350

D12
0.2 M (NH4)2Citrate pH 5.1

!
20% v/v PEG 3,350

JCSG+ A3
0.2 M (NH4)2Citrate pH 5.0

!
20% v/v PEG 3,350

WizardTM III+IV E10
0.2 M (NH4)2Citrate

!
20% v/v PEG 3,350

Table 5.2: A table showing the conditions from sparse matrix screens which
gave RnPepT2ECD 410 − 601 crystallisation hits.

5.5 Data collection

Diffraction data was collected at the European Synchrotron Radiation Facility (ESRF)

beamline ID23-2 and Diamond Light Source beamlines I04 and I03. Crystals were cryo-

protected in mother liquor containing 25% v/v glycerol. The native RnPepT2ECD 410−601

crystals were screened at the ESRF and the Native dataset was collected. Figure 5.8A

shows a diffraction image of the RnPepT2ECD crystal. iMosflm (Powell, Johnson, and

Leslie 2013) and EDNA (Incardona et al. 2009) were used to calculate the data-collection

strategy (described in § 4.3.3). Indexing suggested that the crystal had an trigonal primi-

tive Bravais lattice with unit cell lengths a, b, and c, of 96.0, 96.0 and 165.9 Å respectively

(Figure 5.8B).

The data collection parameters of the three datasets used to solve the RnPepT2ECD 410−

601 X-ray crystal structure are given in Table 5.3. The Se-SAD dataset was used to solve

the phase problem and the Se-pk dataset was the highest resolution trigonal dataset.
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Figure 5.8: Diffraction pattern and beamline processing of a RnPepT2ECD

410 − 601 crystal. (A) An image of the RnPepT2ECD crystal diffraction. (B) A screen
shot of iMosflm (Powell, Johnson, and Leslie 2013) processing two images taken 90 ○ a
part with a 0.5 ○ oscillation. The solution with highest symmetry and lowest penalty has
been highlighted.
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Native Se-SAD Se-pk

Date 15/03/2012 06/05/2013 06/05/2013
Beamline ID23-2 I04 I04
λ (Å) 0.8729 0.97942 0.97949

Temperature (○C) −173
φ (○) 0−180 81.4−531.4 135−315

∆φ (○) 0.5 0.15 0.15
Exposure time (s) 0.2 0.07 0.07
Transmission (%) 50 50 40

Detector Distance (mm) 345.200 536.439 545.151
Detector MarMosaic 225 Pilatus 6M-F Pilatus 6M-F

Table 5.3: Data collection parameters for the trigonal RnPepT2ECD 410 − 601
datasets.

5.6 Data reduction

5.6.1 Trigonal crystals

As it turned out, the Native crystals did not diffract as well as the SeMet derivatised

RnPepT2ECD 410−601 crystals. Therefore the Native dataset was only used in the initial

processing to gain information about the unit cell, so it is only included here for com-

pleteness. The Native trigonal dataset was indexed and integrated in iMosflm (Powell,

Johnson, and Leslie 2013), and scaled and merged in Aimless (Evans and Murshudov

2013). Pointless (Evans 2006) was used to estimate the space-group probability. Fig-

ure 5.9 shows the I/σ(I) plotted against the c-axis indices. Regular absences for the 1st

and 2nd indices along the c-axis suggests the likely presence of a 3-fold screw axis. The

correct space-group is therefore likely to be either P3121 or P3221, so the trigonal crystals

were merged into space-group P3121 until the phases were calculated.

The data processing statistics are shown in Table 5.4. The Native dataset integrated

poorly. The detector distance over the course of the dataset showed variation of greater

than 2 mm. The resolution of the dataset was cut back to 3.50 Å to lower the Rmerge and

Rmeas.

xia2 -3daii was used to process the Se-SAD dataset utilising Distl, Labelit, XDS,

Pointless, Aimless and the CCP4 suite (Zhang et al. 2006; Sauter, Grosse-Kunstleve,

and Adams 2004; Kabsch 2010; Evans 2006; Evans and Murshudov 2013; Winn et al.

2011). Se-SAD was used to calculate the phases by Se SAD method, and this determined
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Figure 5.9: An I/σ(I) against the c axis plot of the P3 RnPepT2ECD 410 − 601
intensities. The figure was generated by Pointless (Evans 2006). A 3-fold skew axis
would be broadly expected to show strong intensities every third index.

that the trigonal crystals were in space-group P3221. The Se-pk dataset was processed in

this space-group using XDS and Aimless and was the highest resolution dataset for the

trigonal crystal form.
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Native Se-SAD Se-pk

Unit Cell a, b, c (Å) 95.8, 95.8, 165.4 96.03, 96.03, 166.60 95.75, 95.75, 163.93
Space-group P3221 α, β, γ (○) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Resolution Range 59.29 − 3.50 (3.83 − 3.50) 33.29 − 2.92 (3.00 − 2.92) 47.87 − 2.84 (3.00 − 2.84)

Measured Reflections 125716 (30133) 451479 (18569) 210301 (30663)
Unique Reflections 11967 (2807) 19910 (1438) 21355 (3090)

Multiplicity 10.5 (10.7) 22.7 (12.9) 9.8 (9.9)
Mosaicity (○) 0.390 0.116 0.090

Overall ⟨∣I ∣/σ(I)⟩ 7.2 (3.8) 21.0 (3.0) 13.2 (2.4)
Overall Completeness (%) 100.0 (100.0) 100.0 (100.0) 100.0 (99.8)

Rmerge 0.400 (1.140) 0.127 (0.906) 0.130 (0.943)
Rmeas 0.420 (1.198) 0.133 (0.981) 0.145 (1.049)
CC1/2 0.980 (0.846) 0.998 (0.900) 0.998 (0.722)

Table 5.4: Data processing statistics of the RnPepT2ECD trigonal datasets. The values in parentheses are the highest resolution shell
and complete crystallographic tables are shown in Table A.2.
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Mol/ASU Vm (Å3/Da) Solvent (%) P∣2.80 Å

1 10.27 88.03 0.00
2 5.13 76.05 0.00
3 3.42 64.08 0.10
4 2.57 52.11 0.53
5 2.05 40.14 0.35
6 1.71 26.16 0.01
7 1.47 16.19 0.00
8 1.28 4.22 0.00

Table 5.5: A table showing the Vm probability distribution for the P3221
Native dataset. Generated by the CCP4 program Matthews coef (Winn et al. 2011).

5.7 Asymmetric unit analysis

Table 5.5 shows the Vm coefficients calculated per number of molecules in the ASU by

the CCP4 program Matthews coef (Winn et al. 2011). The Vm = 2.57 with a solvent

content of 52.11% which indicates that there are likely to be four molecules in the ASU

with a probability of 0.53. The χ = 180.0 ○ SRF function (Figure 5.10) only shows the 3

strong peaks corresponding to the 3-fold axis. There were no other strong peaks in either

the χ = 180.0 ○ or 60.0 ○ plots suggesting that the contents of the ASU are not related by

a single NCS axis.

Figure 5.10: The SRF of a RnPepT2ECD trigonal crystal. This image was gen-
erated in MOLREP (Vagin and Teplyakov 1997). The red circles indicate the self rotation
peaks which are consistent with a trigonal/hexagonal unit cell.
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Figure 5.11: The peak wavelength dependent factors f ′ and f ′′ calculated
by Chooch (Evans and Pettifer 2001) from a fluorescence scan collected at
Diamond Light Source I04 over the Se absorptive edge on a SeMet derivatised
RnPepT2ECD crystal.

5.8 Experimental phasing of the trigonal crystal

5.8.1 SeMet SAD phasing and model building

SeMet derivatised RnPepT2ECD 410 − 601 was produced using an auto-inducing SeMet

medium PASM-5052 as described in § 2.7.4. The derivatised protein was purified in the

same manner as WT (§ 3.5.3). SeMet 410 − 601 was crystallised in 24-well hanging drop

plates as described in § 5.4.2. Crystals were cryo-protected in mother liquor laced with

25% v/v glycerol and flashed cooled in liquid nitrogen. To assess the presence of Se, a

fluorescence scan of the trigonal crystals was performed. Figure 5.11 shows the f ′ and f ′′

calculated by Chooch (Evans and Pettifer 2001) from a fluorescence scan of a 410 − 601

SeMet derivatised trigonal crystal. The scan gives a peak f ′ and f ′′ of −8.71 and 6.75

respectively and confirms the presence of Se.

The phases and a partial model of the ASU were calculated in PHENIX autoSOL (Ter-

williger et al. 2009), an automated structure solution program utilising HySS, Phaser,

RESOLVE and Auto-Build (Grosse-Kunstleve and Adams 2003; McCoy, Storoni, and
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Atom x y z Occupancy

1 -7.574 53.683 159.15 1.00 !

2 -23.230 57.858 97.414 0.92 !

3 -11.633 45.338 118.739 0.91 !

4 -2.832 44.031 65.196 0.65 !

5 -26.960 45.660 4.056 0.49
6 0.544 50.314 138.982 0.47
7 -23.534 57.337 115.890 0.20
8 -6.159 24.784 117.445 0.19

Table 5.6: HA positions found by HySS (Grosse-Kunstleve and Adams 2003).
The top four positions have clearly defined difference density.

Read 2004; Terwilliger 2000; Terwilliger 2004; Terwilliger et al. 2008; Terwilliger et al.

2009; Read and McCoy 2011; Adams et al. 2010; Afonine et al. 2010). The Se-SAD .mtz

with the RnPepT2ECD 410− 601 sequence was input into autoSOL. Given the Vm = 2.57,

4 monomers were assumed to occupy the ASU with a solvent content of 52%.

HySS (Grosse-Kunstleve and Adams 2003) is a dual-space HA substructure solution and

refinement program, similar to SHELXD (Usón and Sheldrick 1999) and SnB (Miller et

al. 1994) (described in § 4.6.3). HySS differs from SHELXD and SnB by using the Fast

translation function (FTF) (Navaza and Vernoslova 1995) to refine the 2 atom Patterson

seeds. After real space refinement, the reciprocal space recycling is done in P1, and the

FTF combines the resultant seeds back into the correct space-group. HySS is not as robust

as SHELXD (Grosse-Kunstleve and Adams 2003). However, it is utilised by the PHENIX

package and therefore is used by PHENIX autoSOL.

Table 5.6 shows the HA positions calculated by HySS (Grosse-Kunstleve and Adams 2003)

with a CC of 0.570 which suggests a good solution. Well defined difference density is

observed around the atoms 1− 4. These positions were taken forward for Fhkl calculation

and refinement by Phaser.

Phaser (McCoy, Storoni, and Read 2004) is a ML based phase refinement program which

produces similar results to SHARP (Bricogne et al. 2003). The handedness of the solutions

is determined by density modification in RESOLVE.

RESOLVE (Terwilliger 2000) is a ML reciprocal space solvent flattening program. The

function should converge on a solution which has clearly defined regions of protein and

solvent. RESOLVE also performs histogram matching (§ 4.6.4) and searches for NCS
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present in the ASU. The FOM for the P3221 solution was 0.320 with an overall CC of

42.09 ± 11.10 and confirmed the space-group was P3221. After density modification, a

positive histogram skew of 0.13 and R-factor of 0.263 were calculated, suggesting a good

solution with a reasonable map. The map showed good solvent flattening, and Phenix

Auto-Build (Terwilliger et al. 2008) was able to build a disconnected Cα trace into the

majority of the density with some correct residue assignment. The final Rwork and Rfree

were 0.334 and 0.4095 respectively.

Examination of the maps and the RESOLVE log file indicated that solvent content was

approximately 60% and that only 3 monomers occupied the ASU. The partial solution

produced by Phenix Auto-Build was used as a template. The complete 410 − 601

sequence was built for one monomer in Coot (Emsley and Cowtan 2004). This complete

thread was aligned onto the partial Cα-trace present for the other two monomers from

the auto-build using SSM (Krissinel and Henrick 2004).

Examining the HA positions calculated by AutoSOL, it was clear that the N-terminal

SeMet was giving coherent scattering (Figure 5.12A) and the SeMet in the third monomer

had two anomalous peaks for the Se atom above 5.0 σ (Figure 5.12B). The 10 Se sites

from the complete ASU model (Table 5.7) were input into SHARP to improve the phases.

The phasing statistics are shown in Table 5.8. The complete model was used as a solvent

mask to improve the solvent flattening. The map generated from the improved phases is

shown in Figure 5.13.

5.9 Refinement

The refinement of the structure was initially done in Buster (Blanc et al. 2004) and

finally in Phenix.refine (Afonine et al. 2010) against the higher resolution dataset Se-

pk. After an initial round of refinement, protons were added to aid side chain positioning.

Inspection of the monomeric RnPepT2ECD showed it appeared to have a similar structure

to PepT1 (Figure 5.14); two lobes connected by a flexible linker. The lobes were refined

as TLS domains, and NCS was assumed between the monomers. Three areas of density

were not well resolved but of reasonable size to suggest a non-protein compound. One

was assigned as glycerol and the other two as citrate (Figure 5.14B and C). The molecules
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Figure 5.12: Examples of the Se density in the RnPepT2ECD P3221 crys-
tal. The model SeMet built into the anomalous density calculated by Phenic AutoSOl
(Terwilliger et al. 2009). (A) The N-terminal SeMet from chains A and B. (B) Chain C
SeMet501 in 2 conformations.

Bin Dmin Dmax ϕ−power Rcullis FOM

1 33.28 17.29 2.516 0.421 0.63745
2 17.29 13.14 2.765 0.415 0.62034
3 13.14 11.02 2.907 0.393 0.59047
4 11.02 9.68 2.569 0.464 0.52912
5 9.68 8.73 2.108 0.397 0.56320
6 8.73 8.02 2.314 0.404 0.56525
7 8.02 7.45 2.477 0.371 0.58475
8 7.45 6.99 2.058 0.419 0.56267
9 6.99 6.61 2.342 0.380 0.55005
10 6.61 6.28 2.074 0.417 0.56567
11 6.28 6.00 2.880 0.451 0.54417
12 6.00 5.75 2.685 0.516 0.50405
13 5.75 5.53 2.657 0.501 0.49453
14 5.53 5.34 2.484 0.547 0.49448
15 5.34 5.16 2.304 0.565 0.47714
16 5.16 5.00 2.344 0.557 0.47720

Table 5.7: The Se-SAD dataset acentric phasing statistics. The table was gen-
erated by SHARP (Bricogne et al. 2003). The ϕ−power, Rcullis and FOM are discussed in
§ 4.6.3.

148



5.9

Chain Residue x y z Observed

A
408 4.467 58.090 54.294 !

501 23.167 58.010 69.181 !

514 -2.507 62.660 75.364 !

B
408 -1.060 51.093 106.189

501 11.790 45.336 90.756 !

514 -11.419 58.672 92.969 !

C

408 54.851 41.979 76.847

501 66.386 60.166 59.446 !

501 66.587 56.342 62.659 !

514 75.040 37.113 78.518 !

Table 5.8: A list of the SeMet sites built into the density calculated by AutoSOL
(Terwilliger et al. 2009). These site were input into SHARP (Bricogne et al. 2003) to

improve the phases. The ‘!’ indicates whether anomalous density was observed from the
refined phases.

Figure 5.13: An electron density map of the trigonal RnPepT2ECD ASU gen-
erated from the Se-SAD ∣Fhkl∣ and SHARP refined ϕhkl.
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Figure 5.14: The RnPepT2ECD trigonal crystal structure. (A) The complete
model ASU. There are 3 monomers in the asymmetric unit coloured, red, blue and green.
(B) The monomeric ECD structure, coloured in rainbow from the N- to the C-terminus.

fit the density and were refined. Water molecules were added and manually pruned, and

Molprobity (Chen et al. 2010) was used to aid refinement and validate the structure.

Table 5.9 shows the refinement statistics for the crystal structure.

5.10 Higher resolution RnPepT2ECD 410 – 601 structure

The P3221 RnPepT2ECD crystals resulted in a model of the ECD. However, the highest

resolution trigonal crystal was 2.84 Å. To improve this resolution sparse matrix micro-

seeding was performed.

5.10.1 Sparse matrix micro-seeding

Sparse matrix micro-seeding is an established method of crystal optimisation (Ireton and

Stoddard 2004; D’Arcy, Villard, and Marsh 2007). The sparse matrix micro-seeding exper-

iment works as an additive screen using a sparse matrix. Micro-seeds fall randomly on the

crystallographic phase diagram (Figure 5.15), by-passing the nucleation zone. This allows

crystal growth in conditions where the lack of nucleation would otherwise prevent crystals

forming. To create the micro-seeds, the seed bead protocol from Hampton Research was

followed (§ 2.7.5).
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P3221

Rwork 0.204
Rfree 0.258
Refined Residues 576
Refined H2O 93
B factor (Å2) 65.1
RMSD Bond Length (Å) 0.00
RMSD Bond Angle (○) 0.75

Ramachandran Plot (%)
Favoured 94.1
Allowed 5.89

Disallowed 0.00
Rotamer Outliers (%) 2.14

Molprobity (Percentile)
Clashscore 100

Score 99

Table 5.9: Refinement statistics for the RnPepT2ECD model from the trigonal
crystal.

Figure 5.15: Sparse matrix seed phase diagram. The beige area denotes the crystal
nucleation zone. The purple region is the metastable zone where growth is likely to occur.
The purple crystals are seeds which are randomly dispersed. The phase diagram adapted
from Chayen and Saridakis (2008).
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Sparse matrix micro seeding was performed using the crystals grown from the (NH4)3

Citrate condition. PEG/Ion and JCSG+ were used as sparse-matrix screens. Hits were

observed in the original conditions and in condition H9 from PEG/Ion (0.2 M CsCl2, 15%

v/v PEG 3,350). A crystal from this condition was used in collection of the Seed dataset

(Table A.2).

5.10.2 Data collection and reduction

The Seed dataset was collected at Diamond Light Source beamline I03. Indexing of the

Seed crystal dataset indicated that it had a different Bravais lattice and therefore space-

group to the original trigonal RnPepT2ECD crystals. iMosflm (Powell, Johnson, and

Leslie 2013) calculated the likely unit cell parameters, a, b, and c as 43.9, 43.9, 220.6 Å

respectively in a tetragonal primitive lattice. The Seed tetragonal dataset was initially

processed using xia2 -3daii in space-group P41212 to a resolution of 2.13 Å. Once the

phases were calculated by MR of the monomeric P3221 structure (discussed in § 5.10.3),

the dataset was reprocessed in XDS (Kabsch 2010) and Aimless (Evans and Murshudov

2013), to a resolution of 2.06 Å (Table A.2).

5.10.3 Molecular replacement

As stated in § 4.6.1, MR has become the standard phasing tool for macromolecular crys-

tallography. The technique was first proposed by Rossmann and Blow (1962). Due to

the conservation of protein folds, phase information from a known protein’s Fhkl can be

used to solve the phases of a homologous protein’s Fhkl. Assuming a similar structure is

known, the task during MR is to calculate the NCS relating the contents of the unknown

ASU (Rossmann 2001). The incorporation of ML methods into the search function has

been instrumental in the success of the technique (Read 2001).

In Phaser (McCoy 2002; McCoy et al. 2007), MR is performed in 5 steps. The num-

ber of NCS related copies of the search model in the ASU is estimated using the Vm.

Anisotropy present in the dataset is estimated using the Wilson plot (discussed in § 4.4.3)

and minimised. A FTF of the search model is performed and the target function is refined.

Throughout this process, the Log-likelihood gain (LLG) and Z-scores are maximised to
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converge on the correct solution.

The phasing of the P41212 crystal was accomplished in Phaser-MR (McCoy et al. 2007)

using the monomeric structure of the ECD from the P3221 crystal. A Matthews coefficient

of 2.37 Å3/Da was calculated for a single monomer in this space-group at a solvent content

of 48.15%. Both enantiomorphic space-groups (P41212 and P43212) were included in the

search function. The top (and only) solution, with a refined LLG of 898 and a Translation

function Z-score (TFZ) of 30.3, was in space-group P41212 and given the LLG and TFZ,

had a high probability of being correct.

5.10.4 Model building and refinement

Phenix Auto-Build (Terwilliger et al. 2008) was run to try to minimize any poten-

tial model errors introduced by the search model. The auto built model was refined in

Phenix.refine (Afonine et al. 2010). Inspecting the density of the crystals in Coot

(Emsley and Cowtan 2004), two difference map peaks were visible above 5 σ. An anoma-

lous difference map was calculated using FFT (Winn et al. 2011), and two peaks had a

σ of 11.23 and 8.81. This suggested that these two sites were occupied by a HA. CsCl2

had been present in the seeding condition; therefore these sites were modelled as Cs co-

ordination sites. The 8.81 site lay almost directly on the 2-fold axis and was coordinated

by H451, E441 and their symmetry related mates (Figure 5.16). The 8.81 σ Cs atom and

H451 had to be modelled in 2 conformations to allow for the Cs atom to be coordinated

by either E441 or the 2-fold related E441. After the auto build the model refinement

was done in Buster (Blanc et al. 2004) and finally in Phenix.refine to regularise

the structure. The lobes were assigned as TLS domains and no density was observed for

residues 589− 592, so they were omitted from the structure. Protons were added to refine

side-chain clashes, and the Ramachandran plot (Figure 5.17) was used to aid Phi/Psi an-

gle refinement. Waters were added and manually pruned, and Molprobity (Chen et al.

2010) was used to validate the structure (Table A.2).
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Figure 5.16: The dual histidine co-ordination of the Cs atom at the 2-fold
crystallographic axis. (A) and (B) shows the region with and without 2F0-FC density
respectively. The suffix .P2 indicates a 2-fold relation.

Figure 5.17: A Ramachandran plot of the P41212 410 − 601 ASU calculated
using Rampage (Lovell et al. 2003).
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5.11 The model of RnPepT2ECD

Figure 5.18A shows the topology and connectivity of the RnPepT2ECD. The ECD struc-

ture can be divided into two sub-domains connected by a flexible linker. These sub-

domains are composed of a 4-sided β-sandwich fold like PepT1ECD. The P3221 crystal had

three monomers in the ASU. Two monomers (A and B) are related by a 2-fold axis. The

density for these monomers is relatively good. Monomer C is related to A and B through

rotational and translational axes. Figure 5.18B shows an SSM alignment (Krissinel and

Henrick 2004) of the 3 monomers with a Cα RMSD of ≈ 1.5 Å. The main source of varia-

tion between the monomers is the O-P loop which also has the highest B-factors associated

with the structure (Figure 5.18C). It is this loop (residues 589 − 592) which could not be

built in the P41212 crystal. The linker region between the lobes also shows variation. The

density for monomer C is very poor in this linker with the β-sheets having no R-group

definition.

The P41212 crystal structure does not show significant variation from any of the chains in

the P3221 crystal, with a Cα RMSD of ≈ 1.0 Å. Figure 5.19 highlights the Cα differences

between the P41212 ASU and chain A from the P3221 ASU. Variation is observed in

loops C-D, J-K, M2-N1 and O-P, and the linker between the lobes. The reason for these

variations is that although the B-factors indicate some of the loops have flexibility, they

are engaged in different crystal contacts between the different crystals.

5.12 Discussion

The lack of crystallisation of the MmPepT2ECD in either the 410−609 or 410−601 construct

was the major time limiting factor of this project. In hindsight, the flexibility of the C-

terminus should have been discovered sooner. Although, the 410 − 609 was clearly folded

and stable, with a Tm of 50.8 ○C at pH 6.5, the HSQC of the 410 − 609 (Figure 5.5)

suggests a very flexible region of the protein. Since the ECD is less than 25 kDa and 15N

labelling was straightforward in E. coli , an assessment of the ECD by NMR should have

been performed earlier.

The discovery that the flexible region present in the 410−609 construct was located in the
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Figure 5.18: Analysis of the RnPepT2ECD P3221 crystal crystal structure.
(A) A topology diagram of RnPepT2ECD. (B) A Cα alignment of the 3 monomers in
the asymmetric unit calculated by SSM (Krissinel and Henrick 2004). (C) Monomer A
coloured and structured by B-factor.

Figure 5.19: A Cα alignment of the P41212 ASU with chain A from the P3221
ASU. The loops which show different orientations between the P41212 ASU and P3221
chain A have been highlighted in red and blue respectively. The alignment was calculated
by SSM (Krissinel and Henrick 2004).
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C-terminus was fortunate. A more thorough investigation of the fragments produced in a

cleavage reaction (Figure 5.4) by mass-spectrometry would no doubt have indicated the C-

terminus was removed by limited proteolysis and therefore likely to be flexible. However,

as it was, the MmPepT2 410 − 601 still did not crystallise.

Examining the crystal contacts present in the P3221 ASU, it is possible to understand why

the MmPepT2 410−601 did not crystallise. Figure 5.20A shows an alignment between the

the MmPepT2 and RnPepT2 410 − 601 sequences. The sequence similarity between the

M. musculus and R. norvegicus 410 − 601 residues is 86%. Many of the different residues

between the sequences are involved in crystal contacts (Figure 5.20B). These contacts

presumably were essential for crystallisation; therefore the sequence alteration appears to

be the reason why the M. musculus 410 − 601 did not crystallise.

The resolution of the P3221 and P41212 crystals were 2.84 and 2.06 Å respectively. The

reason for this was the different solvent content of the crystals. Kantardjieff and Rupp

(2003) noted a positive correlation between solvent content and maximum resolution.

The final refined solvent content of the P3221 and P41212 crystals were 58.6 and 39.4%

respectively. The reason for the new crystal form and reduced solvent content is due to the

presence of the Cs in the seed condition. Chains A and B in the P3221 ASU are related

by a 2-fold axis. Figure 5.16 shows the coordination of a Cs atom between the 2-fold

symmetry mates inside the P41212 unit cell. This coordination changed the orientation

of these symmetry mates compared to the P3221 ASU. The P41212 packing turned a 2-

fold NCS axis into a 2-fold crystallographic axis. This tighter packing allowed a higher

crystallographic symmetry, lower solvent content and higher resolution.

Overall the P3221 and P41212 crystals have produced two well refined X-ray crystal struc-

tures to 2.81 and 2.06 Å respectively, to acceptable degrees of error (Evans and Murshudov

2013). Although the P3221 structure is of lower resolution, the density is complete for

the entire 410 − 601 construct, therefore the P3221 chain A is assumed to represent the

complete structure of PepT2ECD. The P41212 structure was still useful as it has shown

that at a higher resolution, there is not a significant difference between the models.

The model of the RnPepT2ECD indicates that, like PepT1ECD, PepT2ECD has a definite

structure and therefore can actually be considered a domain. It is also clear from the

examination of the PepT2 structure that there appears to be a strong similarity between
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Figure 5.20: An analysis of why the MmPepT2ECD construct failed to crys-
tallise. (A) An alignment of the R. norvegicus and M. musculus PepT2ECD 410 − 601
sequences. The secondary structure from the R. norvegicus crystal structure is shown and
differences between the M. musculus and R. norvegicus sequences are shown in lower case.
The blue indicates which of these residues which are involved in crystal contacts. (B) The
RnPepT2ECD P3221 ASU highlighting the residue positions from (A) which differ between
the M. musculus and R. norvegicus PepT2 sequences. The A, B and C chains of the P3221
ASU are shown in red, blue and green respectively and close symmetry related monomers
are coloured in grey.
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the ECDs of PepT1 and PepT2; the RMSD of the individual lobes between PepT1 and

PepT2 is 0.5 Å, however, the lobes appear to have a different orientation. The similarities

and differences between the PepT1 and PepT2 ECD are explored in Chapter 6.
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6
Structural and biophysical analysis of the PepT1

and PepT2 ECD lobe orientation

6.1 Summary

This chapter details the analysis of the ECD structures from PepT1 and

PepT2. The ECDs are structurally very similar; both are composed of two

sub-domains (lobes) connected by a flexible linker. These lobes overlay with a

Cα-RMSD of 0.5 Å, although the lobes in the crystal structures are in different

orientations. A search of the PDB using the ECD structures discovered that

the lobes share the same transthyretin-like fold and are structurally related

to Transthyretin (TTR), a Thyroxine (T4) binding protein, with a Cα-RMSD

of 2.5 Å. A sequence and structural comparison of the ECDs and TTR in-

dicated that it was improbable that the ECDs share a similar function to
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TTR, but suggested that the T4 binding residues have been conserved, and

mediate the interface between the lobes in PepT1 and PepT2 ECD. The lobe

interfaces were explored using Small-angle X-ray scattering (SAXS) and AUC

to determine the probable physiological lobe conformation: open or closed.

The closed conformation appears to be the preferred state of both PepT1 and

PepT2 ECD. In PepT1ECD this conformation is very stable, held together by

two salt bridges. In PepT2ECD the closed conformation appears to be more

dynamic, as only one salt bridge is present. Ultimately these data suggest

that the closed conformation of the lobes is the physiological state of both

ECDs, and should be used when constructing the hybrid models of the native

transporters (§ 7.3.1).

6.2 The structures of MmPepT1 and RnPepT2 ECD

Figure 6.1A shows the monomeric units of the MmPepT1 and RnPepT2 ECDs as deter-

mined by X-ray crystallography. The two ECDs appear to have similar structural features;

both are composed of two sub-domains (lobes) connected by a flexible linker. Figures 6.1B

and C show the similar topology and connectivity of the ECDs. MmPepT1ECD has an

α-helix inserted into the D-E loop and a di-sulphide bond between C540 and C566 in the

M-N and P-O loops respectively. These features are not in seen in RnPepT2ECD. Interest-

ingly, two cysteines are present in the RnPepT2ECD sequence, but the structure indicates

that they do not form a di-sulphide bond.

Figure 6.2 shows an alignment of the H. sapiens, M. musculus and R. norvegicus PepT1

and PepT2 sequences with the secondary structure elements from the crystal structures

mapped onto the alignment. Examining this alignment, the secondary structure generally

matches between the two ECDs. That said, the sequence conservation is low, 19% identity

between H. sapiens PepT1 and PepT2 ECD sequences. The sequence conservation is also

different between the lobes. The majority of the sequence conservation is in lobe 2, 22%

identity compared to 7% identity in lobe 1.

The structural alignment of a RnPepT2ECD monomer onto the ASU of the MmPepT1ECD

crystal structure (Figure 6.3) proposed the question which is the basis of the chapter:
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Figure 6.1: The structure and topology of MmPepT1 and RnPepT2 ECD. (A)
The monomeric structures of the ECDs. The N- and C-terminal lobes of the ECDs have
been coloured blue and red respectively and the linker in green. The lobes of MmPepT1ECD

and RnPepT2ECD are arranged in different orientations with respect to each other in the
crystal structures. MmPepT1 and RnPepT2 ECD present in open and closed conforma-
tions respectively. (B) and (C) show the topology diagrams of PepT1 and PepT2 ECD
respectively.
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βA βB βC βD1 βD2 βE
ô̂ ô

HsPepT1 PKGNEVQIKVLNIGNNTMNISLPGEMVTLGPMSQTNAFMT.FDVNKLTRINISS
MmPepT1 PGGNQVQIKVLNIGNNNMTVHFPGNSVTLAQMSQTDTFMT.FDIDKLTSINISS
RnPepT1 PSGNQVQIKVLNIGNNDMAVYFPGKNVTVAQMSQTDTFMT.FDVDQLTSINVSS
HsPepT2 PGPQEVFLQVLNLADDEVKVTVVGNENNSLLIESIKSFQKTPHYSKLH.LKTKS
MmPepT2 PASQEIFLQVLNLADGEIEVTVQGNRNNPLLVESISSFQNTTHYSKLR.LETKS
RnPepT2 PASQEIFLQVLNLADGDVKVTVLGSRNNSLLVESVSSFQNTTHYSKLH.LEAKS

βA βB βC βD βE

βF βG βH

HsPepT1 P.......GSP.VTAVTDDFKQGQRHTLLVWA..PNHY.QVVKDGLNQKPEKGE
MmPepT1 S.......GSPGVTTVAHDFEQGHRHTLLVWN..PSQY.RVVKDGLNQKPEKGE
RnPepT1 P.......GSPGVTTVAHEFEPGHRHTLLVWG..PNLY.RVVKDGLNQKPEKGE
HsPepT2 QDFHFHLKYHNLSLYTEHSVQEKNWYSLVIREDGNSISSMMVKD.TESRTTNGM
MmPepT2 QDLHFHLKYNNLSVHNEYSVEEKNCYQLVVHENGESLSSMLVKD.TGIKPANGM
RnPepT2 QDLHFHLKYNSLSVHNDHSVEEKNCYQLLIHQDGESISSMLVKD.TGIKPANGM

βE βF βG βH βI

βI βJ βK βL1 βL2 βM

HsPepT1 NGIRFVNTFNELITITMSGKVYANIS.SYNASTYQFFPSGIKGFTISSTEIPPQ
MmPepT1 NGIRFVNTLNEMVTIKMSGKVYENVT.SHNASGYQFFPSGEKQYTINTTAVAPT
RnPepT1 NGIRFVSTLNEMITIKMSGKVYENVT.SHSASNYQFFPSGQKDYTINTTEIAPN
HsPepT2 TTVRFVNTLHKDVNISLSTDTSLNVGEDYGVSAYRTVQRGEYPA........VH
MmPepT2 TAIRFINTLHKDMNISLDANAPLSVGKDYGVSEYRTVQRGKYPA........VH
RnPepT2 AAIRFINTLHKDLNISLDTDAPLSVGKDYGVSAYRTVLRGKYPA........VH

βI βJ βK βL1 βL2 βM1 βM2

βN βO βP

HsPepT1 CQPN.....FNTFYLEFGSAYTYIVQRK.NDSCPEVKVFEDISANTV
MmPepT1 CLTD.....FKSSNLDFGSAYTYVIRRA.SDGCLEVKEFEDIPPNTV
RnPepT1 CSSD.....FKSSNLDFGSAYTYVIRSRASDGCLEVKEFEDIPPNTV
HsPepT2 CRTEDKNFSLNLGLLDFGAAYLFVITNN.TNQGLQAWKIEDIPANKM
MmPepT2 CETEDNVFSLNLGQLDFGTTYLFVITNI.TNRGLQAWKAEDIPANKL
RnPepT2 CETEDKVFSLDLGQLDFGTTYLFVITNI.TSQGLQAWKAEDIPVNKL

βM2 βN1 βN2 βO βP

Figure 6.2: An alignment of H. sapiens, M. musculus and R. norvegicus,
PepT1 and PepT2 ECD sequences. The secondary structure of the MmPepT1 and
RnPepT2 ECD crystal structures has been mapped onto the top and bottom of the align-
ment respectively. The full names and Uniprot codes for each gene are listed in Table 2.1.
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Figure 6.3: A Cα alignment of the monomeric RnPepT2ECD onto the ASU
of MmPepT1ECD. The Cα alignment was performed using SSM (Krissinel and Henrick
2004). MmPepT1ECD chain A and B are coloured in red and blue respectively, and the
RnPepT2ECD monomer is coloured in green. The RnPepT2ECD monomer aligns onto lobe
1 and lobe 2 of MmPepT1ECD from the adjacent monomer chains in the ASU.

what are the lobe conformations of ECDs? The RnPepT2ECD structure aligns onto

the MmPepT1ECD ASU with a Cα-RMSD of 1.5 Å, where the RnPepT2ECD structure

overlays onto lobe 1 and lobe 2 from adjacent monomer chains (Figure 6.3). This in-

dicated that the MmPepT1ECD may also be able to adopt the closed conformation like

RnPepT2ECD. It also therefore suggested, that RnPepT2ECD can form the open conforma-

tion like MmPepT1ECD. To address the question of whether the ECD lobes are in an open,

closed or other conformation in solution, a sequence and structure based analysis of the

ECDs was performed to discover if the ECDs shared any features with known structures.

6.3 Alignment analyses of the ECDs

6.3.1 Sequence and structural database searches

Sequence based BLAST (Altschul et al. 1990) and PSI-BLAST (Altschul et al. 1997)

searches of the ECDs against the Uniprot database suggests that PepT1 and PepT2
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ECD have no close sequence homologues other than themselves. The structures of the

ECDs were used to search for similar structures in the PDB using the Dali server (Holm

and Rosenström 2010). This search indicated that there were two proteins; TTR and

5-hydroxyisourate (5-HIU) hydrolase which showed a similar topology and connectively to

the ECDs, which align with a Cα-RMSD of 2.5 Å. No other close structural homologues

to PepT1 or PepT2 ECD were observed.

Transthyretin-related protein family

TTR is a vertebrate plasma hormone binding protein with specific affinity for T4 (Hamilton

and Benson 2001). TTR can also form a complex with retinol and retinol-binding protein,

which enhances the stability of the complex (Monaco, Rizzi, and Coda 1995; Hamilton and

Benson 2001). 5-HIUase functions in the purine catabolism pathway where it hydrolyses

5-HIU (Hennebry et al. 2006). Both of these proteins belong to the TTR superfamily

(Fox, Brenner, and Chandonia 2014) and have a prealbumin-like fold.

The secondary and tertiary structures of 5-HIUase are identical to that of TTR. Fig-

ure 6.4A shows the TTR tetramer with bound T4. The tetramerization of the TTR

monomers occurs through a dimerization of homo-dimers. The monomers in cis inter-

act between anti-parallel β-sheets. Two of these dimers then come together, principally

through interactions with a T4 molecule. The topology and connectivity of TTR and

5-HIUase are shown in Figure 6.4C. TTR shows high conservation in both sequence and

function across vertebrate species. TTR-related protein (TRP) such as 5-HIUase, have

predominantly been associated with purine metabolism (Eneqvist et al. 2003; Hennebry

2009) in both bacteria and eukaryae; however, many have an unknown function.
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Figure 6.4: A sequence and structural comparison of TTR and the ECD lobes. (A) The multimerisation of TTR. The four chains which make up

the TTR homotetramer are coloured purple, blue, green and red, with T4 in the central binding cavity. The planer view of the dimer shows that the monomers

are related by a 2-fold rotational axis and that T4 contributes to the tetramisation interface. (B) A sequence alignment of the mammalian peptide transporter

ECD lobes and TTR. Lobe 1 and lobe 2 are indicated by the suffix L1 and L2 receptively. The secondary structure of HsTTR has been mapped below the

alignment. The highlighted regions show three sequence motifs; B’, C’ and A’ identified in Hennebry 2009. The full names and Uniprot codes for each gene are

listed in Table 2.1. (C) A topology comparison between TTR and an ECD lobe.
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6.3.2 Sequence analysis of the ECDs lobes and TTR

Figure 6.4B shows a sequence alignment between PepT1 and PepT2 lobe 1, 2, and TTR.

The sequence identity of HsPepT1 and HsPepT2, lobe 1 and 2 between HsTTR is 17.05,

18.18, 8.49 and 18.56% respectively. The secondary structure is relatively well conserved,

as would be expected from the similar topology of the lobes and TTR (Figure 6.4C).

Hennebry (2009) identified 3 sequence motifs which characterise TTR and TRPs, and

these are highlighted in Figure 6.4C. These motifs do not appear to be conserved across

the lobes of PepT1 or PepT2, so based upon sequence the lobes appear to be a novel

TRPs.

The ECD lobes show sequence divergence from the TTR (Figure 6.4B). However, some

sequence conservation is present on β-sheet A (Figure 6.4B βA). The K15-V16-L17 se-

quence from the TTRs also appears in PepT1ECD lobe 1 and lobe 2, as K-V-L and R-F-V

respectively. In PepT2ECD, the R-F-V is present in lobe 2. However, in lobe 1 the positive

lysine or arginine becomes a conserved glutamine. The K15 and V17 residues in TTR are

involved in T4 binding and oligomerisation. K15 has been shown to be essential for TTR

stability (Choi et al. 2010), and this mutation increases the propensity of fibril formation

in amyloidosis.

6.3.3 Sequence analysis of the ECD lobes

A sequence alignment of animal lobe 1 and lobe 2 sequences (Figure 6.5) shows that there

are three regions of the lobe sequences that show conservation between PepT1 and PepT2

ECD. There is an absolutely conserved aspartate residue which is located on the end of βH

and βP, of lobe 1 and 2 respectively. A conserved region is found on βA (Figure 6.5 βA

motif) and in the F-G and N-O loops (Figure 6.5 Loop motif) of lobes 1 and 2 respectively.

Figure 6.6A shows the consensus sequence of the βA and Loop motifs.

A relatively weak consensus sequence can be made for the Loop motif, LDFGxxYTLVI

(Figure 6.6A). These residues in PepT1 and PepT2 lobe 1 (F-G Loop) are not well con-

served, and the appearance of conservation is perhaps due to the alternating R-group

characteristic of β-sheets (Figure 6.6B). This is not the case for the Loop motif in lobe

2. In the N-O Loop, the residues and the structure of the loop, are highly conserved
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βA Motif
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ

HsPepT1_L1 G...NEVQIKVLNIGNNTMNISLPGEMV...T...LGPMSQTNAFMTFDV...NKLT.R.
MmPepT1_L1 G...NQVQIKVLNIGNNNMTVHFPGNSV...T...LAQMSQTDTFMTFDI...DKLT.S.
RnPepT1_L1 G...NQVQIKVLNIGNNDMAVYFPGKNV...T...VAQMSQTDTFMTFDV...DQLT.S.
DrPepT1_L1 T...SQTQLKFLNVESTSLPVVVEGQDQ...FM..VPGFNASSEYLTLDK...EN.....
AcPepT1_L1 A...GTSQVRVINLGNDKVTANFYPDGRSV.D...LSSLT.WTEYLNFET...AKLN.ST
GgPepT1_L1 A...GQAQIKIINLGDSNANVTFLPNLQNV.T...VLPME.STGYRMFES...SQLK.S.
HsPepT1_L2 KPEKGENGIRFVNTFNELITITMSGKVYA..N...I.SSYNASTYQFFPS...GIKG.F.
MmPepT1_L2 KPEKGENGIRFVNTLNEMVTIKMSGKVYE..N...V.TSHNASGYQFFPS...GEKQ.Y.
RnPepT1_L2 KPEKGENGIRFVSTLNEMITIKMSGKVYE..N...V.TSHSASNYQFFPS...GQKD.Y.
DrPepT1_L2 KPEQGLNAIRFVNGWENRLNVSVKSDNV...H...AD.PLDASVYLLVPH...GKVN.F.
AcPepT1_L2 KPEQGDNKIRFINNLDVPINISMGGTDFP..Y...V.SFFSATNYTNFQR...GKKS.I.
GgPepT1_L2 KPEEGKNLVRFVNNLPQTVNITMGDTTFG..I...L.EETSISNYSPFSG...GRTYDI.
HsPepT2_L1 P...QEVFLQVLNLADDEVKVTVVGNENNSLLIESIKSFQKTPHYSKLHLKTKSQDF.H.
MmPepT2_L1 S...QEIFLQVLNLADGEIEVTVQGNRNNPLLVESISSFQNTTHYSKLRLETKSQDL.H.
RnPepT2_L1 S...QEIFLQVLNLADGDVKVTVLGSRNNSLLVESVSSFQNTTHYSKLHLEAKSQDL.H.
DrPepT2_L1 A...KESLVQVYNLMDSDVTVQFPAHNV...FSEPLKPYEEPSGYSSLPLTGESQLQ.N.
AcPepT2_L1 P...KESYIQVLNLADGDIEVSIQDYEQ...FRHPIKPFQDPDEYSRLILSSNQQNL.R.
GgPepT2_L1 P...KESLIQVLNLAKNPVQVTIQDQNL...FQQPVEAFQNPDEYSHLILNGEQQSL.R.
HsPepT2_L2 RTTNGMTTVRFVNTLHKDVNISLSTDTSL..N...VGEDYGVSAYRTVQR...GEYP.A.
MmPepT2_L2 KPANGMTAIRFINTLHKDMNISLDANAPL..S...VGKDYGVSEYRTVQR...GKYP.A.
RnPepT2_L2 KPANGMAAIRFINTLHKDLNISLDTDAPL..S...VGKDYGVSAYRTVLR...GKYP.A.
DrPepT2_L2 KSETGAAYIRFINTHTENINVTVGTEEV...H...ASANYGISRNISVPR...GEYN.K.
AcPepT2_L2 KPTEGMSAVRFINTLELDANITLRNEEFV..S...INKSYGVSRYSILAR...GRYN.N.
GgPepT2_L2 KPENGLAAVRFINGLSQDVNLTIDSKQFI..P...VQRNYGVSGYSLVER...DTYD.N.

Loop Motif Aspartate
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ ▼

HsPepT1_L1 ..INISS.PGSP.VT..AVTDDFKQGQRHTLLVWAP.N.H.......YQVVKDGLNQ..
MmPepT1_L1 ..INISS.SGSPGVT..TVAHDFEQGHRHTLLVWNP.S.Q.......YRVVKDGLNQ..
RnPepT1_L1 ..INVSS.PGSPGVT..TVAHEFEPGHRHTLLVWGP.N.L.......YRVVKDGLNQ..
DrPepT1_L1 ..VTISA.GGVN......DTAFLKTGTRHTVLMNAA.G.M.......RNTLDDLTE...
AcPepT1_L1 NNVVITN.GSET..L..NKAYPFDGKERHTLIITNR.G.RLQ....SQLLF.DGITE..
GgPepT1_L1 ..VMVNF.GSES..R..SENIDSISSNTHTVTIKNA.AAGIV....SSLRS.DNFTS..
HsPepT1_L2 ..TISSTEIPPQ.CQPNFNTFYLEFGSAYTYIVQRK.NDSCP....EVKVFEDISANTV
MmPepT1_L2 ..TINTTAVAPT.CLTDFKSSNLDFGSAYTYVIRRA.SDGCL....EVKEFEDIPPNTV
RnPepT1_L2 ..TINTTEIAPN.CSSDFKSSNLDFGSAYTYVIRSRASDGCL....EVKEFEDIPPNTV
DrPepT1_L2 ..TIFDG.GDGK.CH...YIMQLGFGSTYTVLIPST.FAFGQTCSESFEAVQDMEPNRI
AcPepT1_L2 ..TIHT..DSYN.CT..TRSLPFGYGSAYTIIVEGC.EGNEL....KLRYVEDIQANTV
GgPepT1_L2 ..VITA..GSTN.CK..PTSEKLGYGGAYTIVINEC.SGDVT....QLRYIEDIQPNTV
HsPepT2_L1 ..FHLKY.HNLS..L..YTEHSVQEKNWYSLVIRED.G.NSI....SSMMVKDTES...
MmPepT2_L1 ..FHLKY.NNLS..V..HNEYSVEEKNCYQLVVHEN.G.ESL....SSMLVKDTGI...
RnPepT2_L1 ..FHLKY.NSLS..V..HNDHSVEEKNCYQLLIHQD.G.ESI....SSMLVKDTGI...
DrPepT2_L1 ..VVVSH.NGVN..Y..ECRLTFTERMAYSLLLHPP.A.QSG..GSVCNLVKDHIT...
AcPepT2_L1 ..FQIQF.QGSS..F..TFNHIIQEKTVNSLIVYQT.E.GSL....ASRLIKDMEQ...
GgPepT2_L1 ..FILQH.QGSS..L..AFNYTVKEKSVYSLIVFEA.E.GSL....SSRLITDLEA...
HsPepT2_L2 ..VHCRT.EDKN.FS..LNLGLLDFGAAYLFVITNN.TNQGL....QAWKIEDIPANKM
MmPepT2_L2 ..VHCET.EDNV.FS..LNLGQLDFGTTYLFVITNI.TNRGL....QAWKAEDIPANKL
RnPepT2_L2 ..VHCET.EDKV.FS..LDLGQLDFGTTYLFVITNI.TSQGL....QAWKAEDIPVNKL
DrPepT2_L2 ..AVCVT.DSKE.YE..INLGLLDFGAFYTVILSE..TGNNL....AIKKMEDIQANNI
AcPepT2_L2 ..VKCQV.GAEE.SI..LHLGLLDFGAAYTVVITNT.SVKGF....QTSKTEDIAANNV
GgPepT2_L2 ..GKCIT.ETGE.FT..LDLGLLDFGASYTVVITNV.SGGGV....QTWKSEDIKANNV

Figure 6.5: An alignment of vertebrate PepT1 and PepT2, lobe 1 and lobe 2
sequences. Lobe 1 or lobe 2 is indicated by the suffix L1 and L2 receptively. Two regions
of the alignment which show sequence conservation are labelled βA, and Loop motif, and
an absolutely conserved aspartate is highlighted by a black triangle (▼). The full names
and Uniprot codes for each gene are listed in Table 2.1.

between PepT1 and PepT2 (Figure 6.6B). The reason for this conservation was not clear

but is perhaps involved in the ECD function (discussed in § 7.5.1). Across both lobe 1

and 2, similar residues are observed towards the end of the Loop motif which extend into

the interface. The valine position in the LDFGxxYTLVI sequence is almost exclusively a

hydrophobic residue (either valine, leucine or isoleucine) which makes up a hydrophobic

patch (discussed in § 6.4).
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Figure 6.6: Structural analysis of the lobe motifs. (A) The consensus sequences of the two motifs highlighted in Figure 6.5: βA (left) and Loop (right).

The βA and Loop motifs have been mapped on the ECDs in (B) and (C). MmPepT1ECD and RnPepT2ECD are shown in blue and purple respectively and

the lobes are orientated in the closed conformation. The residue numbers are labelled MmPepT1ECD/RnPepT2ECD. (B) A Cα alignment of the MmPepT1ECD

and RnPepT2ECD structures with the Loop motif mapped onto lobe 1 (left) and lobe 2 (right). (C) The βA motif mapped onto the alignment structures of

MmPepT1ECD (left) and RnPepT2ECD (right) with the absolutely conserved aspartate residue.
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Figure 6.7: The two potential lobe conformations based on the MmPepT1ECD

ASU. The open model was observed in the crystal structure. The closed model was
constructed based on the lobe arrangement between inter-monomers in the ASU.

A stronger consensus is found for the βA Motif (Figure 6.6A) of IRFLN. This motif is

related to the K-V-L sequence in TTR. Figure 6.6C shows the atomic positioning of the βA

motif onto the crystal structures of MmPepT1ECD and RnPepT2ECD with the absolutely

conserved aspartate residue. The βA motif exists in the lobe interface in PepT1 and

PepT2 ECD. In MmPepT1ECD, two salt bridges are formed between a K398/R490 and

D476/D574 (lobe 1/lobe 2), but in RnPepT2ECD only a single salt bridge is observed

between D505 and R518. The second bridge is not present as the K398 of MmPepT1ECD

is a glutamine in RnPepT2ECD. This glutamine appears to be absolutely conserved across

PepT2 lobe 1 sequences (Figure 6.6A). The aspartate residues in PepT2 are also closer

together in the PepT2ECD structure compared to PepT1ECD, with distances of 3.7 and

5.6 Å respectively (discussed further in § 6.4). Therefore there is sequence and structural

conservation in the lobe interface between PepT1 and PepT2 ECDs. However, there are

also a distinct differences, in the removal of a salt bridge and the subsequent proximity of

D505 and D600 in PepT2.

6.4 Bioinformatics analysis of the ECDs

Figure 6.7 shows the two possible lobe arrangements of the ECD based on the ASU of

MmPepT1ECD. The open conformation is observed in the monomeric MmPepT1ECD. The
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Figure 6.8: The S75 10/300 GF traces of MmPepT1 and RnPepT2 ECD. The
column was equilibrated in 20 mM Tris pH 7.5, 150 mM NaCl. The Ves of MmPepT1ECD

and RnPepT2ECD, 12.51 ± 0.02 and 12.41 ± 0.02 mL respectively (limits calculated by a
T-test at the 0.05 level), equate to MWs of 21.0 and 22.0 kDa respectively (see globular
protein equilibration curve § 2.8.3), suggest that both ECDs are monomeric in solution.
There is a statistically significant difference in Ve between the ECDs with n = 3 at the
0.05 criterion.

closed conformation is observed in the RnPepT2ECD crystal structure and the MmPepT1ECD

inter-monomer interface. The sequence and structural analysis in § 6.3.3 suggests the

closed conformation is the more likely conformation of MmPepT1ECD as two salt bridges

exist between the lobes in this arrangement. This is confirmed by the GF trace of

MmPepT1ECD (Figure 6.8). If MmPepT1ECD is in the open conformation in solution,

then the observed ASU dimer should also be observed in solution, the GF trace indicates

that this is not the case.

For RnPepT2ECD it is less clear. The sequence and structural analysis (§ 6.3.3) showed

that a salt bridge is present in the closed conformation lobe interface. The GF trace (Fig-

ure 6.8) suggests that like MmPepT1ECD, RnPepT2ECD is monomeric in solution. How-

ever, Figure 6.6C shows that D505 and D600 are within 3.7 Å of each other, which implies

that the closed conformation may be an unfavourable conformation for RnPepT2ECD. The

relative instability of the RnPepT2ECD closed conformation compared to MmPepT1ECD

may be visible in the GF traces, as RnPepT2ECD elutes earlier than MmPepT1ECD.

Figure 6.9 shows the electrostatics of the conserved residues in the ECDs in the closed lobe

conformation interface identified in § 6.3.3. These residues are grouped into two patches,

hydrophobic (containing residues from the end of the βA and Loop motifs) and charged
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Figure 6.9: The four conserved residues which predominantly make up the
closed interface between the lobes in the MmPepT1 and RnPepT2 crystal
structure. (A) and (C) show the residues in PepT1 and PepT2 respectively. (B) and
(D) show the electrostatics (Baker et al. 2001). The black oval indicates the hydrophobic
patch. The blue oval indicates the charged patch.
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(the salt bridges in Figure 6.6C). The salt bridges observed in MmPepT1ECD suggests a

strong interaction in this conformation. The RnPepT2ECD closed conformation appears

unlikely. The charged patch is predominantly negative in lobe 1 and 2 which indicates an

unfavourable interaction when in close proximity to each other. A bioinformatic analysis

was conducted to estimate the probability of the different lobe interfaces observed in the

crystal structures of the ECDs.

6.4.1 PISA physiological interface predictions

The probability of a crystallographic interface being a physiological interface can be esti-

mated using PISA (Krissinel and Henrick 2005). PISA estimates the solvent inaccessible

area at a protein interface and estimates the ∆GDiss based on the atoms present in the

interface residues. The Complexation significance score (CSS) is a measure of how prob-

able an interface is given the energy of solvation. The PISA predictions for the PepT1

and PepT2 ECD ASUs are shown in Tables 6.1A and B respectively, based on the lobe

assignment in Figure 6.10.

The PISA prediction for the MmPepT1 lobes indicates, that the adjacent monomer lobe

interfaces, A-D and B-C (Figure 6.10A), in the ASU are the most probable physiologically,

i.e. the closed lobe conformation. The RnPepT2ECD ASU presents slightly contradictory

results. Two of the three monomers in the P3221 ASU, E-F and G-H, have a CSS of

1.0, indicating that the interface is physiological, however, the I-J monomer has a CSS of

0.1, suggesting the interface is not physiological. The reason for this drop in the CSS is

likely to be due to the drop in buried surface area in the I-J, which may be a result of the

crystal packing, and the poorer electron density observed from chain C (I-J) compared to

chains A (E-F) and B (G-H). Overall the PISA analysis supports the idea that the closed

conformation is the preferred conformation of the lobes in both MmPepT1 and RnPepT2

ECD.

6.4.2 PROPKA analysis of the conserved aspartate residues in the ECDs

Given the relative positions of the conserved aspartate residues in PepT1 and PepT2

ECDs, an important consideration is the charge on the aspartate carboxyl side chain.
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Figure 6.10: The lobe assignment used in the PISA (Krissinel and Henrick
2005) analysis presented in Table 6.1 for MmPepT1 (A) and RnPepT2 P3221
(B).

A. MmPepT1ECD

Interface Buried Surface Area (Å2) CSS

A–B 213.6 0.0
B–C 790.4 1.0
C–D 209.5 0.0
A–D 786.2 1.0

B. RnPepT2ECD P3221

Interface Buried Surface Area (Å2) CSS

E–F 629.6 1.0
F–G 159.8 0.0
F–J 106.5 0.0
E–G 284.3 0.0
E–H 230.9 0.0
G–H 624.8 1.0
I–J 573.5 0.1

Table 6.1: The lobe interface PISA predictions of the MmPepT1 and RnPepT2
ASUs. Figure 6.10 shows the lobe assignment used in this Table. The buried surface area
and interface probability (CSS) have been calculated using the PISA server (Krissinel and
Henrick 2005).
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pKa Buried (%)

MmPepT1ECD D476 3.5 98.5
D574 3.8 93.5

RnPepT2ECD D505 8.0 ± 1.7 87 ± 13
D600 5.5 ± 1.0 83 ± 8

Table 6.2: The pKas and percentage exposures of the conserved aspartate
residues in the MmPepT1 and RnPepT2 ECDs. The pKa and surface exposure
values were calculated by PROPKA (Li, Robertson, and Jensen 2005; Bas, Rogers, and
Jensen 2008; Olsson et al. 2011; Sondergaard et al. 2011). The values given are averages
over the crystal structure ASUs with 95% confidence limits given where possible.

In the MmPepT1ECD closed conformation the charge on each aspartate is neutralised

by an electrostatic interaction with a lysine or arginine. In RnPepT2ECD, only R518

(Figure 6.6C) is capable of stabilising the buried D505 and D600 carboxyl group. Therefore

its likely that a H+ is bound to either D505 or D600.

PROPKA (Li, Robertson, and Jensen 2005; Bas, Rogers, and Jensen 2008; Olsson et al.

2011; Sondergaard et al. 2011) was used to calculate the pKa values of the ECD conserved

aspartate residues (Table 6.2). The average pKa value for a hydrated aspartate carboxyl

group is 3.9. The pKas calculated for MmPepT1ECD D476 and D574 show no deviation in

the carboxyl group pKa, even though the residues are almost 100% separated from solvent,

no doubt due to the positive charge from K398 and R490.

The RnPepT2ECD aspartate residues, D505 and D600 however, do show significant devia-

tion from a pKa of 3.9 at the 0.05 criterion. Both D505 and D600 are approximately 85%

buried. Due to the lack of a positively charged moiety near the D505, the pKa is predicted

to be 8.0 ± 1.7. This indicates that D505 is likely to have bound a H+ to neutralise the

negative charge. It also suggests that an energetically unfavourable action is occurring to

satisfy the closed conformation in the RnPepT2ECD crystal structure. The increased sta-

bility of the MmPepT2ECD 410− 609 construct at lower pH observed in FSC experiments

(Figure 5.2B), is explained by this observation (discussed further in § 6.6).

6.5 Linker mutation study

The sequence (§ 6.3) and PISA (§ 6.4.1) analysis indicated that both PepT1 and PepT2

ECD are likely to be a closed conformation. To experimentally validate this, a 3C protease
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cut site was engineered into the flexible linker of the MmPepT1 and RnPepT2 ECD

constructs (called 3CX). The link between the lobes was cleaved and the presence of

a persistent interaction was assessed by GF (calibration curve shown in § 2.8.3). The

cloning of the MmPepT1ECD-3CX constructs is described in § 2.6.4. Unfortunately the

RnPepT2ECD-3CX construct was not stable, so SAXS and AUC were used to characterise

the RnPepT2ECD interface (described in § 6.6). Once the MmPepT1ECD-3CX construct had

been made, a D574A mutant variant was made to assay the salt bridges in determining

the closed conformation stability. The D476A mutant was also made but did not stably

express.

The MmPepT1ECD-3CX and MmPepT1ECD-3CX-D574A constructs were transformed into

C43 (DE3) cells (§ 2.6.2) and 2 L of E. coli were grown, and the cell lysates prepared as de-

scribed in § 2.6.3. The purification protocols were the same as WT MmPepT1ECD (§ 3.4.1)

and the final GF traces and gels are shown in Figure 6.11. The MmPepT1ECD-3CX con-

struct expressed and purified at a similar level to WT (10 mg per 1 L of TB). MmPepT1ECD-3CX-

D574A expressed well but appeared to be much more unstable; a significant proportion

of the 3CX-D574A appeared in the V0 of the GF column which suggests the mutant was

more unstable than the WT-3CX.

The linker cleavage experiment was performed by taking 100 µL of 2.0 mg/mL 3CX (WT

or D574A) ECD, adding 10 µL of 1.0 mg/mL 3C protease and incubating at 20 ○C for

1 hr. The sample was then centrifuged at 30,000 × g/4 ○C for 15 min to remove any

aggregation. The supernatant was injected into an S75 10/300 GF column equilibrated

in 20 mM Tris pH 7.5, 150 mM NaCl and the fractions collected (Figure 6.12A and C).

The fractions were concentrated using a TCA precipitation reaction (§ 2.4.2) and run on

a reducing 15% Tris-Gly SDS-PAGE gel (Figure 6.12B and D).

6.5.1 MmPepT1ECD-3CX linker cleavage experiment results

The main elution peak at 12.55 mL in Figure 6.12A gives a MW of 20.7 kDa which is

consistent with the WT uncleaved protein. There is also a trailing peak at approximately

13.75 mL giving a MW of 12.5 kDa which is likely to be the separate lobes. The SDS-PAGE

gel (Figure 6.12B) confirms this hypothesis; both cleaved lobes present in the main peak

in fractions 4, 5 and 6. Only the larger lobe appears to be fractions 7 and 8. Precipitation
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Figure 6.11: Final GF traces and reducing gels from the MmPepT1ECD-3CX

and MmPepT1ECD-3CX-D574A purifications. (A) and (C) are the S75 16/60 GF
traces from the 3CX purifications with peak fractions run through reducing 15% Tris-Gly
gels (B) and (D).

177



6.5

was observed post cleavage, and this was assumed to be the smaller lobe. This experiment

suggests that, upon cleavage of the linker, the lobes do still interact strongly enough to

remain associated down the GF column, although some dissociation is observed.

Comparing the GF traces in Figures 6.12A and C, it is clear that a significant shift in

the elution profiles of the cleaved lobes has occurred. The Ve for the cleaved 3CX-D574A

construct has shifted from 12.55 to 13.70 mL. The latter is consistent with a MW of 12.8

kDa, which suggests that the lobes are no longer bound together. This is clearly seen in

the gel of the peak fractions from the GF (Figure 6.12D). These data strongly support the

hypothesis that the MmPepT1ECD lobes are bound in the closed conformation.

The other conclusion that can be drawn from the MmPepT1ECD-3CX experiments is that

the smaller cleaved lobe appears to be unstable. There is a hint of this in Figure 6.12B as

only a single species is observable in the separate lobe peak, but this is clearly visible in

Figure 6.12C. The smaller lobe precipitates out of solution post cleavage. This suggests

that the lobe interaction is essential for the stability of the entire MmPepT1ECD.
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Figure 6.12: The results of the MmPepT1ECD-3CX linker cleavage experiment. (A) and (C) show the S75 10/300 GF traces of the cleaved lobes.

(B) and (D) show the reducing 15% Tris-Gly SDS-PAGE gels of the TCA concentrated fractions highlighted from the GF traces. The D574A mutant shows a

shift in elution profile compared to the WT which is consistent with a breakdown in the interaction between the two lobes.
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Figure 6.13: A diagram showing the hypothesised change in the PepT2ECD

lobe arrangement with an increase or decrease of H+.

6.6 PepT2ECD lobe dynamics

The RnPepT2ECD lobe interface could not be investigated by the the 3CX experiment

as the RnPepT2ECD-3CX protein precipitated upon cleavage. So the decision was taken

to visualise the lobes in the WT construct in solution. Given the closed conformation

interface is present in the RnPepT2ECD crystal structure, and has been shown to be

the MmPepT1ECD solution interface, it is a reasonable to assume that, if the PepT2ECD

lobes do interact, this interface mediates the interaction. This means that the absolutely

conserved aspartate residues also mediates the PepT2 interface.

The PROPKA analysis (§ 6.4.2) identified that D505 and D600 are likely to have an increased

pKa to neutralise the charge of the D505. This means that in a low pH environment, a

H+ is more likely to be available to associate with the carboxyl group of D505 or D600.

However, in a high pH environment, less H+ are available and one of the aspartates is more

likely to be deprotonated. In a deprotonated state, the interaction between the aspartates

is highly unfavourable.

Therefore it was hypothesized that the interface between the lobes in RnPepT2ECD could

be destabilised by increasing the pH (Figure 6.13), thus extending the structure. The

difference in lobe conformation could then be detected using SAXS (§ 6.6.1) and AUC

(§ 6.6.4). MmPepT1ECD was used as a control, as it should show no structural change

with a change in pH.
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Figure 6.14: A diagram of SAXS data collection. The majority of the scattered
X-ray q are from single macromolecules in random orientations (red arrow). Inter-particle
scattering is observed at low scattering angles (blue arrow).

6.6.1 Small-angle X-ray scattering

The X-ray scattering observed from a solution of randomly dispersed, randomly orien-

tated particles is similar to diffraction from a crystal, where the scattering vector q is

proportional to the scattering angle and inversely proportional to the wavelength (Equa-

tion 6.1a) (Svergun and Koch 2003). However, large scattering angle information is not

observed due to the lack of coherent discrete diffraction from a 3D crystal. The observed

scattering from macromolecules in solution (ρ(r)) is given in Equation 6.1b, where r is the

scattering length distribution of the macromolecule and s is the scattering from solvent.

q = 4π sin 2θ

λ
(6.1a)

ρ(r) = ρ(r)s − ρs (6.1b)

Figure 6.14 shows the scattering from a macromolecule in solution ρ(r)s. The observed

scattering intensity is a spherical average, proportional to the concentration of macro-

molecules. An assumption is made during SAXS data analysis that no inter-particle

scattering is observed in the experiment. Inter-particle scattering can be observed at low

scattering angles. The predominant observed scattering from ρ(r) is from distances (r)

between 10 and 200 Å. Therefore SAXS is a useful tool to extract low resolution structural

information.

181



6.6

6.6.2 SAXS data collection

Samples were prepared for the SAXS pH screening experiment by S75 10/300 GF equi-

librated in either: 20 mM Na Acetate pH 5.5, 20 mM Tris pH 7.5, 20 mM Tris pH 8.0

or 20 mM Bicine pH 9.5 (all with 150 mM NaCl). 100 µL of 20 mg/mL RnPepT2 or

MmPepT1 ECD were loaded onto the equilibrated column and the peak fraction was col-

lected and concentrated to approximately 5 mg/mL in a 100 µL volume using a 5 kDa

MW centrifugal filter. The sample was then flash-frozen in liquid nitrogen. The buffer

blank, required for an accurate measurement of the solvent (ρs) scattering, was taken from

the void volume from the column.

SAXS data was collected at the DESY PETRA III P12 beamline. The beamline is fitted

with a Pilatus 2M detector set to a sample distance of 3.1 m. Prior to data collection, the

transported frozen samples were defrosted and passed through a 0.22 µm centrifugal filter.

A serial dilution of the sample in the specific buffer blank was performed so that 6 protein

concentrations for each sample were available. Data collection was designed so that each

protein concentration illumination was flanked by buffer blank runs. In total, data from

9 different samples were collected; a BSA control, and MmPepT1ECD and RnPepT2ECD,

equilibrated in the 4 buffers.

6.6.3 SAXS data processing

SAXS invariant processing

Protein samples illuminated on a SAXS beamline, like protein crystals (discussed in § 4.3.3)

are subject to radiation damage (Hura et al. 2009; Meisburger et al. 2013). To overcome

this the sample is continuously passed through the beam during data collection. The 20

curves generated from each sample concentration were each inspected in PRIMUS (Konarev

et al. 2003) and curves which deviated from the norm were excluded from further analysis.

The remaining curves were averaged and the buffer scattering subtracted. The resulting

intensities represent the scattering of the ρ(r). All further data processing was performed

in ScÅtter (Rambo and Tainer 2013).

The intensity plots of each sample concentration were viewed to check for inter-particle
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Figure 6.15: The stacked scattered intensities from the MmPepT1 (A) and
RnPepT2 (B) ECD pH screens. The radial averaged intensities (I) were buffer sub-
tracted and shown here plotted against the scattering vector length (q).
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scattering. As stated in § 6.6.1, inter-particle scattering is not taken into account during

the processing of SAXS data, so it must be removed from the data if observed. No

inter-particle effects were observed for any of the MmPepT1ECD samples. Some inter-

particle effects were observed for RnPepT2ECD in the pH 8.0 and 9.5 samples and this

was concentration dependent. In these two cases the low scattering angle portion of a

low concentration curve, was merged with the high scatter angle intensities from a high

concentration curve. Figure 6.15 shows the stacked scattering curves from the MmPepT1

and RnPepT2 ECD pH screens. All structural characteristics were inferred from these

data.

Several particle parameters can be calculated from the scattered intensities. The Rg is

a root mean squared distance between the centre of the particle mass and the particle

circumference. The Rg therefore provides a measure of the particle size. The I(0) is the

forward scattering from the particle and is dependent upon the size and concentration of

the macromolecule. Vc was proposed by Rambo and Tainer (2013) as a new SAXS invari-

ant, proportional to the I(0) and inversely proportional to the total scattered intensity. Vc

reflects the flexibility of the sample, as an increase in particle conformations increases the

I(0) without influencing the total scattered intensity. Vp is the particle volume and DMAX

is the maximum diameter of the scattering volume. The particle mass was calculated

using the invariant QR method proposed in Rambo and Tainer (2013). Table 6.3 shows

the SAXS invariants calculated MmPepT1 and RnPepT2 ECD.
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pH Guinier Rg (Å) P(r) Rg (Å) Guinier I(0) P(r) I(0) Vc (Å2) Vp (nm3) Mass (kDa) DMAX (Å)

MmPepT1ECD

5.5 19.2 18.4 2200 1880 198.3 36.1 16.0 61
7.5 18.3 18.1 2020 1960 197.0 34.5 17.2 57
8.0 18.5 18.0 2120 1940 185.7 34.5 15.1 54
9.5 19.0 18.1 2400 2190 202.2 39.2 17.5 54

RnPepT2ECD

5.5 21.3 20.5 2880 2570 233.0 44.5 20.7 73
7.5 25.2 22.5 3520 2960 256.5 54.0 21.2 73
8.0 28.1 24.1 3430 2750 295.2 69.6 25.2 73
9.5 46.7 43.2 7300 6150 490.6 119.0 41.9 154

Table 6.3: The SAXS parameters for MmPepT1 and RnPepT2 ECDs equilibrated at pH 5.5, 7.5, 8.0 and 9.5. These invariants
were calculated using ScÅtter (Rambo and Tainer 2013).
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The Rg and I(0) were calculated by the Guinier approximation (Guinier 1939) (Equa-

tion 6.2a) and inferred from the real space P(r) distribution. The Guinier approximation

is only applicable if the low resolution scattered intensities regress to a straight line when

plotted against the square of the scattering angle. The P(r) distribution is the integral

of all the intra-molecular distance vectors between 0 and DMAX. If there is a deviation

between the real space and reciprocal space Rg and I(0), it suggests either, inter-particle

scattering contributions, or poor buffer subtraction. This does not appear to be the case

with the MmPepT1 or RnPepT2 ECD data, although there does appear to be an increas-

ing difference in the RnPepT2ECD values as function of pH. The RnPepT2 pH 9.5 data

were excluding from further analysis due to the increase in Rg and DMAX which suggested

excessive inter-particle scattering.

ln(q) = I(0) − Rg ·q2

3
(6.2a)

Vp = 2π2 · I(0)
∫ ∞0 q2 · I(q)dq

(6.2b)

Figure 6.16 shows the normalised P(r) distributions for the MmPepT1 and RnPepT2

ECD pH assays. MmPepT1ECD appears to be stable across the pH range. RnPepT2ECD

however, shows a gradual decrease in the mid scattering distances and an increase in the

large scattering distances. This change suggests that the RnPepT2ECD is increasing in

size as a function of pH. This finding is also observable in the Kratky plot.
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Figure 6.16: The normalised P(r) distribution functions and dimensionless Kratky plots for the MmPepT1 and RnPepT2 ECD SAXS pH

curves. The curves were generated using ScÅtter (Rambo and Tainer 2013) and the RnPepT2ECD pH 9.5 data has been excluded because of sample aggregation.

The P(r) distributions for MmPepT1ECD (A) and RnPepT2ECD (B) data were normalised against the sum of scattered distances. The P(r) distributions for

MmPepT1ECD remain stable regardless of pH, whereas the RnPepT2ECD distributions show a marked decreased in scattering at 25 Å, accompanied by an increase

at 60 Å, suggesting a more extended conformation. (C) and (D) show the dimensionless Vc Kratky plots for MmPepT1ECD and RnPepT2ECD respectively. Again

the MmPepT1ECD plots remain constant, while the RnPepT2ECD plots show a decrease in the low scattering angles, indicating a more extended conformation.
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Rg (Å)

Model MmPepT1 RnPepT2

Extended 27.3 27.3
Open 20.0 20.0
Closed 17.5 18.3

Table 6.4: The calculated Rgs in Hydropro (Ortega, Amorós, and Garćıa de
la Torre 2011) for the PepT1 and PepT2 ECD models shown in Figure 6.13.

The dimensionless Kratky plot was proposed by Durand et al. (2010) and developed by

Rambo and Tainer (2011) and Receveur-Brechot and Durand (2012) as a measure of

macromolecule flexibility. Figure 6.16 shows the Vc derived Kratky plot (Rambo and

Tainer 2011) for MmPepT1 and RnPepT2 ECD. Over the pH range the MmPepT1ECD

curves remain constant. For RnPepT2ECD there is a decrease in the intensities at 2.5 q2 ·Vc

Å4 as the pH is increased. Again, like the P(r) distribution, this suggests an increase in

particle size.

SAXS invariant analysis

Table 6.4 shows the lobe model (Figure 6.13) Rgs calculated in Hydropro (Ortega,

Amorós, and Garćıa de la Torre 2011). The Rg decreases as the lobes conformation

becomes compacted in the closed conformation. The model Rg values, compared to the

experimentally determined values (Table 6.3), suggest that MmPepT1ECD remains in the

closed conformation regardless of the pH, which was expected given the linker mutation

study (§ 6.5). However, there is a distinct trend of increasing particle size as a function

of pH for RnPepT2ECD (Table 6.3). The real space Rg values increase from 20.5 to 24.1

Å from pH 5.5 to 8.0, which is consistent with a lobe conformation alteration from open

to partially extended. The I(0), DMAX, Vc and Vp also all increase as a function of pH

while the mass remains reasonably constant, suggesting a structural rearrangement which

increases the size of the ECD.

6.6.4 Analytical ultra-centrifugation

The SAXS data suggests that the RnPepT2ECD does increase in size as the pH is increased

from pH 5.5 to 9.5, which was in keeping with the hypothesis that the RnPepT2ECD lobes,
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like the MmPepT1ECD lobes, are in the closed conformation, as the pH was able to disrupt

the interaction between D505 and D600. To confirm that this was the case, a series of SV

AUC experiments were performed using RnPepT2ECD D505A and D600A mutants. SV

AUC, like SAXS, can measure the size of particles is solution. The SAXS showed that

the WT RnPepT2ECD extends in a high pH environment, probably due to the proximity

of D505 and D600. In the D505A and D600A mutants however, this extension should not

be observed as there should not be an electrostatic potential to overcome.

RnPepT2ECD D505A and D600A mutants were created as described in § 2.6.6. The

RnPepT2ECD mutant constructs were expressed in C43(DE3). 2 L of E. coli were grown

and the cell lysates prepared as described in § 2.6.3 and the purification protocols for

the mutants were the same as WT RnPepT2ECD (§ 3.5.3). Both mutants expressed at a

similar level to WT, and the final GF traces and gels are shown in Figures 6.17.

SV experiments allow the calculation of the hydrodynamic properties of a macromolecule

(Harding 1995; Cole et al. 2008; Erickson 2009). The movement of a macromolecules con-

centration boundary through a solution under a circular centrifugal force can be modelled

by the Lamm equation (Equation 6.3a). The macromolecular sedimentation coefficient s

is proportional to the buoyant mass (Mb) and the translational diffusion coefficient (D)

(Equation 6.3b) (Cole et al. 2008). Therefore the sedimentation coefficient contains infor-

mation on the size and mass of a macromolecule.

∂c

∂t
= D [∂

2c

∂r2
+ 1

r

∂c

∂r
] − sw2 [r ∂c

∂r
+ 2c] (6.3a)

s

D
= Mb

RT
(6.3b)

During the experiment, the concentration independent sedimentation coefficients (s0
20,w)

from the WT, D505A and D600A RnPepT2ECD data were calculated from a concentration

series of SV experiments (Harding 1995). The s0
20,w sedimentation coefficient is normalised

against sample concentration, temperature and buffer, therefore a change in the s0
20,w

coefficient represents a real change in the structure of the protein. The hypothesis of the

experiment was that no change in the MmPepT1ECD s0
20,w coefficients would be observed

as a function of pH, whereas there would be an alteration in the s0
20,w coefficients of the

RnPepT2ECD WT as the pH was increased, and this change would be inhibited by the
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Figure 6.17: RnPepT2ECD D505A and D600A mutant purifications. The
RnPepT2ECD D505A (A and B) and D600A (C and D) purifications. The final S75 16/60
GF traces (A and C) and peak fraction run through reducing 15% Tris-Gly SDS-PAGE
(B and D).
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Figure 6.18: The s0
20,w plotted against pH for MmPepT1ECD, RnPepT2ECD

WT, D505A and D600A. The error bars represent the regression error from the s0
20,w

extrapolation. A change in s0
20,w represents a change in particle shape. The Hydropro

(Ortega, Amorós, and Garćıa de la Torre 2011) predicted s0
20,w values in Table 6.5 suggest

that an s0
20,w value of approximately 2.2 for the ECDs, represents a more closed lobe

conformation. A reduction in s0
20,w to 1.9 represents a transition to a open lobe free state.

MmPepT1ECD appears to remain stable as the pH is changed. RnPepT2ECD WT shows
a decrease in s0

20,w as pH in increased, compared to the aspartate mutants which show an
increase. These data suggest that the D505A and D600A mutants reverse the change from
closed to more open state seen in the WT RnPepT2ECD.

D505A and D600A mutations.

AUC data analysis

The AUC data was collected and processed as described in § 2.8.4. Figure 6.18 shows the

s0
20,w values for MmPepT1ECD, RnPepT2ECD WT, D505A and D600A plotted against pH.

The MmPepT1ECD s0
20,w coefficients do not change as a function of pH. The RnPepT2ECD

s0
20,w coefficient decreases from 2.22 to 2.1 s as the pH increases from pH 7.5 to 8.0. Both

RnPepT2ECD mutants, D505A and D600A show a sharp increase in s0
20,w coefficient as pH

is increased above 7.5.

Hydropro (Ortega, Amorós, and Garćıa de la Torre 2011) was used to calculate sed-

imentation coefficients (Table 6.5) for the 3 ECD model conformations (Figure 6.13).

The MmPepT1ECD s0
20,w coefficients stayed at approximately 2.15 s regardless of the pH,

suggesting that the ECD was in a closed conformation. The RnPepT2ECD WT s0
20,w coef-

ficients shift as a function of pH. Given the trend of the values in Table 6.5 it is reasonable
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Sedimentation Coefficient (s)

Model MmPepT1 RnPepT2

Open 2.05 2.09
Closed 2.20 2.16

Extended 1.91 1.91

Table 6.5: The sedimentation coefficients calculated in Hydropro (Ortega,
Amorós, and Garćıa de la Torre 2011) for the PepT1 and PepT2 ECD models
shown in Figure 6.13.

to assume that the shift represents a transition to a more open conformation as observed

in the SAXS experiment. The RnPepT2ECD mutants, D505A and D600A also appear to

reverse the change in s0
20,w coefficients seen in the WT. As the pH is increased the s0

20,w

value also increases which suggests the ECD is becoming more compact. The fact that

the aspartate mutants appear to prevent the change to the open conformation confirms

the hypothesis that D505 and D600 mediate the flexibility observed in the ECD and that

the RnPepT2ECD crystal structure conformation (closed) is prevalent in solution.

6.7 Discussion

The ASUs of MmPepT1ECD and RnPepT2ECD presented an ambiguity in the ECD confor-

mation which obstructed the aim to understand how this domain sits on the extra-cellular

side of the TM domain. The MmPepT1ECD crystallised as a TRP domain swapped dimer,

where the TRP domains from adjacent monomers form a closed conformation, and the

TRPs from the same monomer present in a more open conformation.

The RnPepT2ECD crystallised in a conformation which brought two aspartate residues to

within 3.5 Å of each other. This observation potentially explains pH dependent stability

of the MmPepT2ECD 410−609 construct observed in the FSC experiment (§ 5.2.1) and the

low pH crystallisation condition; as the low pH was essential to stabilise the proximity of

D505 and D600. The comparison of the lobe orientations between the crystal structures

highlighted the two potential lobe conformations present in the MmPepT1ECD ASU, and

was the first indication that the favourable PepT1 conformation was between adjacent

monomers (closed) like the RnPepT2ECD monomer.

The Dali structural search indicated the lobes shared a common fold with TTR and
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Figure 6.19: A comparison between the ECDs in the closed conformation
and HsTTR as a homo-tetramer. HsTTR homo-tetramer was generated in PISA
(Krissinel and Henrick 2005) using PDB: 1ROX (Wojtczak et al. 1996). The βA sheet has
been highlighted in red to show the TRP domain orientations in respect to each other and
the location of the TTR KVL motif is show as a purple spot.

TRPs. Speculation as to the function of the ECDs is discussed in Chapter 7, but a

structural link between the ECD and a soluble hormone binding protein is interesting. It

has been observed from other membrane proteins that the eukaryotic membrane proteome

has borrowed structural elements extensively from the soluble proteome (Nam et al. 2013).

In this case its possible that the peptide transporters have linked together two TRP

domains, and inserted them into the middle of an MFS fold.

As shown in § 6.3 there is little sequence conservation between the TRPs and the ECD

lobes (15% identity). Assuming that the ECD in the closed conformation represents a

dimerisation of TRP domains, this dimerisation is novel in appearance. Figure 6.19 shows

the HsTTR and ECDs with the βA sheet highlighted in red. In the HsTTR homo-tetramer

each adjacent TRP domain runs anti-parallel with respect to each other. In the ECDs

the TRP domains are parallel. However, it still appears that the same residues which are

involved in T4 binding in TTR (KVL motif), and therefore its tetramerization, are also

involved in mediating the closed conformation interface.

Ultimately the TRP analysis indicated that given the lack of residue conservation and the

lobe conformation, it was unlikely that TTR and the lobe share a common function as well

as a common fold. The comparison between the two ECD sequences did however highlight

the common residues involved in the closed conformation interface and hence the closed
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conformation, as the likely lobe interface. The linker mutation study (§ 6.5) showed that

the two salt bridges which are highly conserved PepT1, maintain the closed conformation

in PepT1ECD.

The SAXS (§ 6.6.3) and AUC (§ 6.6.4) data confirmed the linker mutation study result in

MmPepT1ECD. The SAXS data also indicated that the RnPepT2ECD presented a closed

conformation at low pH and became increasingly dynamic as a function of pH. This was

also observed in the AUC data. The RnPepT2ECD D505A and D600A mutants prevented

this increase in particle size, which indicated that the conserved aspartate residues in

PepT2 mediate the pH dependent flexibility.

The reason for conducting this conformation analysis was ultimately to determine which

lobe arrangement to use when building the hybrid models of the complete transporters.

It should not be forgotten that the ECDs physiological environment is embedded into a

membrane transporter, and this environment will perhaps influence the lobe conformation

in unpredictable ways. However, the hybrid model usefulness will be diminished if the

data used to construct it is poor. Based on the evidence presented in this chapter, it

is highly probable that the closed conformation is exhibited by both PepT1 and PepT2

ECD.
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Investigations into the function of the ECDs

7.1 Summary

It was not clear from the literature if the ECD has a role in the transport

cycle. To help in the design of these experiments, hybrid models of HsPepT1

and HsPepT2 were constructed using the TM domain of PepTSo and the ECD

closed conformation models. The hybrid models indicate that the ECDs sit

above the TM domain of the transporter in such a way that the ECDs could

influence the transport properties of PepT1 and PepT2. To discover if the

ECD is essential for peptide transporter function, WT, ECD deleted, and

ECD swapped mutants were assayed in X. laevis oocytes and the transport

capacity was measured using the TEVC technique. The results indicated that

PepT2ECD was not required for transport, and that the transporter still func-

tioned in a PepT2-like manner. No data could be gained from PepT1 ECD
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mutants as these failed to express in the oocyte system. This could indi-

cate that the ECD of PepT1 is required for its stability, but this has not been

demonstrated conclusively. Due to the ECDs location above the TM domain, it

was hypothesised that the ECD might act as a binding platform for an intesti-

nal protease. SPR binding experiments were performed with MmPepT1ECD

and RnPepT2ECD using two intestinal proteases, trypsin and α-chymotrypsin.

MmPepT1ECD and RnPepT2ECD were both found to interact with trypsin

with Kds of 90 ± 20 and 170 ± 30 µM, significantly less, at the 0.05 criterion (n

= 3), than the control protein MBP. A mutational analysis was conducted on

MmPepT1ECD to definitively locate the trypsin binding site. Unfortunately

this could not be comprehensively achieved, but this work has identified the

probable location which could be conserved between PepT1 and PepT2.

7.2 Regulation of peptide transporter function

At the beginning of this project it was hoped that the solving of the ECD structures

would suggest a probable function for the ECD. On solution of the crystal structures of

MmPepT1 and RnPepT2 ECD it was found that both lobes of the ECD share the TRP

fold. TTR is a T4 binding protein, so it was a reasonable hypothesis that the ECD also

acts as a binding protein. The ECD is attached to the TM domain via TM 9 and 10. TM

10 has been shown to be involved in the closing of the intra-cellular gate in the bacterial

transporters (Newstead 2014). So if the ECD does bind a ligand, the binding event could

mediate the transport process (Figure 7.1). If this is the case, the peptide transporter

would be the first documented ligand gated secondary active transporter.

Evidence has been found that a number of different molecules can down regulate either

transporter expression or activity. Ashida et al. (2002) identified that T4 reduced PepT1

expression in Caco-2 cells. Phorbol esters were also found to inhibit GlySar transport

in PepT1 transfected Caco cells (Brandsch et al. 1994). The inhibitory effect of phorbol

esters was determined to be mediated by protein kinase C and could be prevented by using

staurospourine, a PKC antagonist. Zn2+, Fe2+ and Cu2+ were found to reduce the apparent

GlySar affinity without changing the VMAX indicating that the metal compounds were
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Figure 7.1: Hypothetical binding of a ligand to the ECD inducing a confor-
mational change in TM 10 and blocking the pore.

acting like competitive inhibitors (Okamura et al. 2003). The opposite effect was found

in kidney brush boarder membrane vesicles treated with Zn2+ solution (Daniel and Adibi

1995). It is not clear how these ions affect transporter expression or activity however, they

suggest that higher level control of the peptide transporters is possible.

Several compounds also were found to increase peptide uptake in model systems. Insulin

was found to increase the population of the PepT1 in the plasma membrane (Thamotharan

et al. 1999). Colchicine inhibited the insulin effect, suggesting the increase was due to a

draining of the cytoplasmic pool in the early endosomes. The same increase in plasma

membrane PepT1 was observed for α2-adrenergic receptor agonists (Berlioz et al. 2000)

and Leptin, a gastric hormone which stimulates digestion (Buyse et al. 2001). Flavonoids

were also found to increase transport via the epidermal growth factor receptor (Wenzel,

Kuntz, and Daniel 2001).

Zinc is the only compound which is documented to interact with the transporter directly,

potentially through histidine residues in the extra-cellular loop between TM helices 3

and 4 (Okamura et al. 2003). However, the inhibitory and stimulatory effect which was

observed in PepT1 and PepT2 respectively, may still be mediated by other factors in the

experiment. No interaction could be determined between Zn2+ or T4 with either of the
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HsPepT1 (%) HsPepT2 (%)

PepTSo 30.81 30.81
PepTSt 21.33 22.77
GkPOT 22.98 21.17
PepTSo2 16.25 16.63
EcGlpT 13.30 13.97
EcLacY 12.23 10.79

Table 7.1: Percentage sequence identity between the bacterial MFS structures
and H. sapiens PepT1 and PepT2. The table shows that the bacterial peptide
transporters share greater sequence identity with H. sapiens PepT1 and PepT2 than GlpT
and LacY, and that PepTSo is the best structure to used when modelling the TM helices
of PepT1 and PepT2. The sequence identity was calculated in ClustalW (Larkin et al.
2007). The full names and Uniprot codes for each gene are listed in Table 2.1.

ECDs, by Isothermal titration calorimetry (ITC) and SPR respectively. However, the idea

that the peptide transporters do act as ligand mediated transporters is still possible and

if they do act as ‘transceptors’ the ECD is the obvious place for a ligand to bind. The

chimera studies (described in § 1.5.1) suggest that the ECD is not required for function,

but this fact was not absolutely determined. To better understand the structure of the

entire transporter, hybrid models of H. sapiens PepT1 and PepT2 were created.

7.3 Hybrid model construction

Table 7.1 shows the sequence identity between H. sapiens PepT1 and PepT2, and the

bacterial MFS structures. PepTSo is the best current model of the TM helices of both

PepT1 and PepT2. The X-ray crystal structures of PepT1 and PepT2 ECD from this

thesis, for the first time provide the structural information necessary to construct relatively

complete models of PepT1 and PepT2.

7.3.1 Method

The hybrid models of H. sapiens PepT1 (Uniprot: Q16348) and PepT2 (Uniprot: P46059)

were built in conjunction between the author and Firdaus Samsudin (Structural Bioinfor-

matics and Computational Biochemistry Unit) using the structure of PepTSo (Uniprot:

Q8EHE6, PDB: 2XUT) as a template for the TM domain and the closed conformation of

ECDs from the MmPepT1ECD and RnPepT2ECD crystal structures. Analysis of the bac-
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terial peptide transporters indicated that there are a series of salt bridges which stabilise

distinct states in the alternating access mechanism proposed for MFS solute transport

(Law, Maloney, and Wang 2008; Solcan et al. 2012; Guettou et al. 2013; Newstead 2014;

Lyons et al. 2014). Parker and Newstead (2014) and Sun et al. (2014) also found evidence

for a similar mechanism in an A. thaliana nitrate transporter NRT1.1, which forms part

of the PTR superfamily.

Figures 7.2A and B show the four salt bridges which line the substrate channel through

PepTSo (previously identified in Figure 1.13). Figure 7.2C shows transport mutational data

for PepTSo and PepTSt adapted from Solcan et al. (2012) and Solcan (2013). Apart from

PepTSo NB2, which when mutated to alanine increased its transport activity, all other

salt bridge alanine mutants either eliminate transport or significantly reduce transport

activity. So it seemed sensible to identify these salt bridge residues in PepT1 and PepT2

to act as points of reference in the PepTSo alignment (Figure 7.3).

The initial alignment of PepT1 and PepT2 against PepTSo was generated using Probcons

(Do et al. 2005) and manually refined in Jalview (Waterhouse et al. 2009). Figure 7.2D

shows the salt bridge residues in PepTSo which were aligned to the comparable residues

in PepT1 and PepT2. Based on the asymmetric distribution of charge and hydrophobic

residues, Xu et al. (2010) predicted two amphipathic helices in the intra-cellular loop

between TM helices 6 and 7. These helices were modelled by the secondary structure

prediction in Xu et al. (2010) and the two extra TM helices observed in PepTSo, HA and

HB (residues 226 to 285) were removed.

Based on the alignment shown in Figure 7.3, Modeller-9v5 (Sali and Blundell 1993) was

used to generate 100 homology models of HsPepT1 and HsPepT2 and ranked according

to their discrete optimised protein energy scores (Eramian et al. 2006). No structural

information was available for the N-terminus, residues 1 − 14 and 1 − 42 in PepT1 and

PepT2 respectively, and the C-terminus, residues 688 − 708 and 713 − 729 in PepT1 and

PepT2 respectively, so these residues were removed from the models. Each model was

assessed by Ramachandran analysis using Rampage (Lovell et al. 2003) (Figure 7.4) and

validated in Molprobity (Chen et al. 2010) (Table 7.2). The overall Molprobity scores,

shown in Table 7.2, indicate that in general the hybrid models of H. sapiens PepT1 and

PepT2 are reasonable protein models (Figure 7.5).
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Figure 7.2: The conserved salt bridge residues from bacteria to humans. This
figure has been adapted from Figure 1.13. The N- and C-terminal bundles of the trans-
porters have been coloured blue and red, and the binding site is shown as a green circle.
(A) and (B) show the four PepTSo salt bridges. (C) The PepTSo and PepTSt liposome
mutational data, adapted from Solcan et al. (2012) and Solcan (2013) using H3-AlaAla as
a substrate. (D) The relative salt bridge residues in H. sapiens PepT1 and PepT2 based
on the alignment in Figure 7.3.
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TM 1 TM 2
ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô

HsPepT1 MGMS..............................KS.HSFFGYPLSIFFIVVNEFCERFSYYGMRAILILYFTNF.....ISWDDN.LSTAIYHTFVALCYLTPI
MmPepT1 MGMS..............................KS.RGCFGYPLSIFFIVVNEFCERFSYYGMRALLVLYFRNF.....LGWDDN.LSTAIYHTFVALCYLTPI
RnPepT1 MGMS..............................KS.RGCFGYPLSIFFIVVNEFCERFSYYGMRALLVLYFRNF.....LGWDDD.LSTAIYHTFVALCYLTPI
HsPepT2 MNPFQKNESKETLFSPVSIEEVPPRPPSPPKKPSP.TICGSNYPLSIAFIVVNEFCERFSYYGMKAVLILYFLYF.....LHWNED.TSTSIYHAFSSLCYFTPI
MmPepT2 MNPFQKNESKETLFSPVSTEEMLPGPPSPPKKSTP.KLFGSSYPLSIAFIVVNEFCERFSYYGMKAVLTLYFLYF.....LHWNED.TSTSVYHAFSSLCYFTPI
RnPepT2 MNPFQKNESKETLFSPVSTEEMLPRPPSPPKKSPPK.IFGSSYPVSIAFIVVNEFCERFSYYGMKAVLTLYFLYF.....LHWNED.TSTSVYHAFSSLCYFTPI
PepTso MTT................................P.VDAPKWPRQIPYIIASEACERFSFYGMRNILTPFLMTALLLSIPEELRGAVAKDVFHSFVIGVYFFPL
PepTst MED...............................KG.KTFFGQPLGLSTLFMTEMWERFSYYGMRAILLYYMWFLISTGDLHITRA.TAASIMAIYASMVYLSGT

ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ▲ ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô
TM 1 TM 2▲

TM 2 TM 3 TM 4 TM 5
ô̂ ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô

HsPepT1 LGALIADSWLGKFKTIVSLSIVYTIGQAVTSVSSINDLTDHNHDGTPDSLPVHVVLSLIGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAG
MmPepT1 LGALIADSWLGKFKTIVSLSIVYTIGQAVISVSSINDLTDHDHNGSPDSLPVHVALSMVGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINGG
RnPepT1 LGALIADSWLGKFKTIVSLSIVYTIGQAVISVSSINDLTDHDHDGSPNNLPLHVALSMIGLALIALGTGGIKPCVSAFGGDQFEEGQEKQRNRFFSIFYLAINAG
HsPepT2 LGAAIADSWLGKFKTIIYLSLVYVLGHVIKSLGALPILGG.........QVVHTVLSLIGLSLIALGTGGIKPCVAAFGGDQFEEKHAEERTRYFSVFYLSINAG
MmPepT2 LGAAIADSWLGKFKTIIYLSLVYVLGHVFKSLGAIPILGG.........KMLHTILSLVGLSLIALGTGGIKPCVAAFGGDQFEEEHAEARTRYFSVFYLSINAG
RnPepT2 LGAAIADSWLGKFKTIIYLSLVYVLGHVFKSLGAIPILGG.........KMLHTILSLVGLSLIALGTGGIKPCVAAFGGDQFEEEHAEARTRYFSVFYLAINAG
PepTso LGGWIADRFFGKYNTILWLSLIYCVGHAFLAIFE.................HSVQGFYTGLFLIALGSGGIKPLVSSFMGDQFDQSNKSLAQKAFDMFYFTINFG
PepTst IGGFVADRIIGARPAVFWGGVLIMLGHIVLALP..................FGASALFGSIILIIIGTGFLKPNVSTLVGTLYDEH.DRRRDAGFSIFVFGINLG

ô̂ ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô
TM 2 TM 3 TM 4 TM 5▲ ▲

TM 5 TM 6
ô̂ ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô

HsPepT1 SLLSTIITPMLRVQ.QCGIHSKQACYPLAFGVPAALMAVALIVFVLGSGMYKKF....KPQG...........................................
MmPepT1 SLLSTIITPILRVQ.QCGIHSQQACYPLAFGVPAALMAVALIVFVLGSGMYKKF....QPQG...........................................
RnPepT1 SLLSTIITPILRVQ.QCGIHSQQACYPLAFGVPAALMAVALIVFVLGSGMYKKF....QPQG...........................................
HsPepT2 SLISTFITPMLRGDVQC...FGEDCYALAFGVPGLLMVIALVVFAMGSKIYNKP....PPEG...........................................
MmPepT2 SLISTFITPMLRGDVKC...FGEDCYALAFGIPGLLMVLALVVFAMGSKMYRKP....PPEG...........................................
RnPepT2 SLISTFITPMLRGDVKC...FGQDCYALAFGVPGLLMVLALVVFAMGSKMYRKP....PPEG...........................................
PepTso SFFASLSMPLLL.........KNFGAAVAFGIPGVLMFVATVFFWLGRKRYIHM....PPEPKDPHGFLPVIRSALLTKVEGKGNIGLVLA...LIGGVSAAYAL
PepTst AFIAPLIVGAAQ.........EAAGYHVAFSLAAIGMFIGLLVYYFGGKKTLDPHYLRPTDPLAPEEVKPLLVKVSL.AVAGFIAIIVVMN...LVGWNS.LPAY

ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô
TM 5 TM 6 HA

AH 1 AH 2 TM 7 TM 8
ô̂ ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô

HsPepT1 ....NIMGKVAK.CIGFAIKNRFRHRSKAFPKREHWLDWAKEKYDERLISQIKMVTRVMFLYIPLPMFWALFDQQGSRWTLQATT.MSGKIGALEIQPDQMQTVN
MmPepT1 ....NIMGKVAK.CIGFAIKNRFRHRSKAYPKREHWLDWAKEKYDERLISQIKMVTKVMFLYIPLPMFWALFDQQGSRWTLQATT.MNGKIGAIEIQPDQMQTVN
RnPepT1 ....NIMGKVAK.CIRFAIKNRFRHRSKAFPKRNHWLDWAKEKYDERLISQIKIMTKVMFLYIPLPMFWALFDQQGSRWTLQATT.MTGKIGTIEIQPDQMQTVN
HsPepT2 ....NIVAQVFK.CIWFAISNRFKNRSGDIPKRQHWLDWAAEKYPKQLIMDVKALTRVLFLYIPLPMFWALLDQQGSRWTLQAIR.MNRNLGFFVLQPDQMQVLN
MmPepT2 ....NIVAQVTK.CIWFAICNRFRNRSEDIPKRQHWLDWAAEKYPKHLIMDVKALTRILFLYIPLPMFWALLDQQGSRWTLQANK.MDGDLGFFVLQPDQMQVLN
RnPepT2 ....NIVAQVIK.CIWFALCNRFRNRSGDLPKRQHWLDWAAEKYPKHLIADVKALTRVLFLYIPLPMFWALLDQQGSRWTLQANK.MNGDLGFFVLQPDQMQVLN
PepTso VNIPT.LGIVAGLCCAMVLVMGFVGA.....GASLQLERARKSHPDAAVDGVRSVLRILVLFALVTPFWSLFDQKASTWILQAND....MVKPQWFEPAMMQALN
PepTst INLLTIVAIAIP.VFYFA....................WMISS.VKVTSTEHLRVVSYIPLFIAAVLFWAIEEQGSVVLATFAAE....RVDSSWFPVSWFQSLN

ô̂ ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô
HA HB TM 7 TM 8▲ ▲

TM 8 TM 9 Lobe 1

ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ

HsPepT1 AILIVIMVPIFDAVLYPLIAKCGFNFTSLKKMAVGMVLASMAFVVAAIVQVEIDKTLPVFPKGNEVQIKVLNIGNNTMNISLPGEMVTLGPMSQTNAFMT.FDVN
MmPepT1 AILIVIMVPIVDAVVYPLIAKCGFNFTSLKKMTVGMFLASMAFVVAAIVQVEIDKTLPVFPGGNQVQIKVLNIGNNNMTVHFPGNSVTLAQMSQTDTFMT.FDID
RnPepT1 AILIVIMVPIVDAVVYPLIAKCGFNFTSLKKMTVGMFLASMAFVVAAIVQVEIDKTLPVFPSGNQVQIKVLNIGNNDMAVYFPGKNVTVAQMSQTDTFMT.FDVD
HsPepT2 PLLVLIFIPLFDFVIYRLVSKCGINFSSLRKMAVGMILACLAFAVAAAVEIKINEMAPAQPGPQEVFLQVLNLADDEVKVTVVGNENNSLLIESIKSFQKTPHYS
MmPepT2 PFLVLVFIPLFDLVIYRLISKCGVNFSSLRKMAVGMILACLAFAVAALVEIKINGMIHPQPASQEIFLQVLNLADGEIEVTVQGNRNNPLLVESISSFQNTTHYS
RnPepT2 PFLVLIFIPLFDLVIYRLISKCRINFSSLRKMAVGMILACLAFAVAALVETKINGMIHPQPASQEIFLQVLNLADGDVKVTVLGSRNNSLLVESVSSFQNTTHYS
PepTso PLLVMLLIPFNNFVLYPAIERMGVKLTALRKMGAGIAITGLSWIVVGTIQLMMDG..................................................
PepTst PLFIMLYTPFFAWLWTAW.KK..NQPSSPTKFAVGLMFAGLSFLLMAIPGALYGT..................................................

ô̂ ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô
TM 8 TM 9

Lobe 1 linker Lobe 2
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ ³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ

HsPepT1 KLTRINISSPG.........SP.VTAVTDDFKQGQRHTLLVWA..PNHY.QVVKDGLNQKPEKGENGIRFVNTFNELITITMSGKVYANIS.SYNASTYQFFPSG
MmPepT1 KLTSINISSSG.........SPGVTTVAHDFEQGHRHTLLVWN..PSQY.RVVKDGLNQKPEKGENGIRFVNTLNEMVTIKMSGKVYENVT.SHNASGYQFFPSG
RnPepT1 QLTSINVSSPG.........SPGVTTVAHEFEPGHRHTLLVWG..PNLY.RVVKDGLNQKPEKGENGIRFVSTLNEMITIKMSGKVYENVT.SHSASNYQFFPSG
HsPepT2 KL...HLKTKSQDFHFHLKYHNLSLYTEHSVQEKNWYSLVIREDGNSISSMMVKD.TESRTTNGMTTVRFVNTLHKDVNISLSTDTSLNVGEDYGVSAYRTVQRG
MmPepT2 KL...RLETKSQDLHFHLKYNNLSVHNEYSVEEKNCYQLVVHENGESLSSMLVKD.TGIKPANGMTAIRFINTLHKDMNISLDANAPLSVGKDYGVSEYRTVQRG
RnPepT2 KL...HLEAKSQDLHFHLKYNSLSVHNDHSVEEKNCYQLLIHQDGESISSMLVKD.TGIKPANGMAAIRFINTLHKDLNISLDTDAPLSVGKDYGVSAYRTVLRG
PepTso .........................................................................................................
PepTst .........................................................................................................

Lobe 2 TM 10 TM 11
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ ô̂ ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô ô̂ ô ô ô ô ô ô ô ô

HsPepT1 IKGFTISSTEIPPQCQPN.....FNTFYLEFGSAYTYIVQRK.NDSCPEVKVFEDISANTVNMALQIPQYFLLTCGEVVFSVTGLEFSYSQAPSNMKSVLQAGWL
MmPepT1 EKQYTINTTAVAPTCLTD.....FKSSNLDFGSAYTYVIRRA.SDGCLEVKEFEDIPPNTVNMALQIPQYFLLTCGEVVFSVTGLEFSYSQAPSNMKSVLQAGWL
RnPepT1 QKDYTINTTEIAPNCSSD.....FKSSNLDFGSAYTYVIRSRASDGCLEVKEFEDIPPNTVNMALQIPQYFLLTCGEVVFSVTGLEFSYSQAPSNMKSVLQAGWL
HsPepT2 EYPA........VHCRTEDKNFSLNLGLLDFGAAYLFVITNN.TNQGLQAWKIEDIPANKMSIAWQLPQYALVTAGEVMFSVTGLEFSYSQAPSSMKSVLQAAWL
MmPepT2 KYPA........VHCETEDNVFSLNLGQLDFGTTYLFVITNI.TNRGLQAWKAEDIPANKLSIAWQLPQYVLVTAAEVMFSVTGLEFSYSQAPSSMKSVLQAAWL
RnPepT2 KYPA........VHCETEDKVFSLDLGQLDFGTTYLFVITNI.TSQGLQAWKAEDIPVNKLSIAWQLPQYVLVTAAEVMFSVTGLEFSYSQAPSSMKSVLQAAWL
PepTso .........................................................GSALSIFWQILPYALLTFGEVLVSATGLEFAYSQAPKAMKGTIMSFWT
PepTst .........................................................SGKVSPLWLVGSWALVILGEMLISPVGLSVTTKLAPKAFNSQMMSMWF
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MmPepT1 LTVAVGNIIVL.IVAG............AGHFPKQW.AEYILFASLLLVVCVIF.AIMARFYTYINPAEIEAQFDEDEKKKGIGKENPYSSLEPVSQTNM
RnPepT1 LTVAIGNIIVL.IVAE............AGHFDKQW.AEYVLFASLLLVVCIIF.AIMARFYTYINPAEIEAQFDEDEKKKGVGKENPYSSLEPVSQTNM
HsPepT2 LTIAVGNIIVL.VVAQ............FSGL.VQW.AEFILFSCLLLVICLIF.SIMGYYYVPVKTEDMRGP...ADKHIPHIQGN.MIKLE.TKKTKL
MmPepT2 LTVAVGNIIVL.IVAQ............FSGL.VQW.AEFVLFSCLLLVVCLIF.SVMGYYYVPLKSEGIHEA...TEKQIPHIQGN.MINLE.TKNTRL
RnPepT2 LTVAVGNIIVL.VVAQ............FSGL.AQW.AEFVLFSCLLLVVCLIF.SVMAYYYVPLKSEDTREA...TDKQIPAVQGN.MINLE.TKNTRL
PepTso LSVTVGNLWVL.LANVSVKSPTVTEQIVQTGM.SVTAFQMFFFAGFAILAAIVF.ALYARSYQMQ............................DHYRQAT
PepTst LSSSVGSALNAQLVTL............YNAK.SEV.AYFSYFGLGSVVLGIVLVFLSKRIQ...............................GLMQGVE
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TM 11 TM 12

Figure 7.3: The alignment of the mammalian and bacterial peptide transporters used

for the construction of the hybrid models. The full names and Uniprot codes for each gene

are listed in Table 2.1. Sequence conservation is coloured from high to low in purple to blue. The

secondary structure of the HsPepT1 hybrid model and PepTSo is drawn on the top and bottom

of the alignment respectively. The N- and C-Terminal salt bridge residues from Figure 7.2 are

highlighted by blue (▲) and red (▲) triangles respectively.
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Figure 7.4: Ramachandran plots of the hybrid models. Rampage (Lovell et al.
2003) was used to generate the plots of the H. sapiens PepT1 (A) and PepT2 (B) struc-
tures.
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Figure 7.5: The hybrid models of H. sapiens PepT1 (A) and PepT2 (B). The
transporters have been coloured by rainbow from the N- to the C-terminus.
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Model
HsPepT1 HsPepT2

Ramachandran Plot (%)
Favoured 93.20 95.02
Allowed 4.11 3.44

Disallowed 2.69 1.51
Rotomers (%) 4.11 3.92
Cβ deviations (%) 2.27 1.31
Backbone bond deviations (%) 0.02 0.03
Backbone angle deviations (%) 1.79 1.48

Molprobity (Percentile)
Clashscore 0 0

Overall 11 15

Table 7.2: Molprobity (Chen et al. 2010) analysis of the hybrid models.

Tm (○C)

MmPepT1ECD WT 58.8 ± 0.3

MmPepT1ECD D476A 44.3 ± 0.3

MmPepT1ECD D574A 38.0 ± 0.9

RnPepT2ECD WT 44.4 ± 0.7

Table 7.3: The Tm of the WT and mutant ECDs at pH 7.5 as determined by
CD thermal melt. The buffer used in the experiment was 10 mM NaPO4 pH 7.5 and
the methods are described in § 2.8.5. The limits shown are the 95% confidence limits in
the fit of the curve to the data points.

7.3.2 Hybrid model validity

The areas of the structures which are likely to be incorrect are the areas for which there

is no structural information i.e. the N- and C-terminal residues. In particular, the PepT2

N-terminus is approximately 40 residues which is highly conserved in mammalian species

(Figure 7.3) and is therefore likely to have a functional relevance. A Molprobity analysis

(Table 7.2) indicated that the models are not good in terms of their bond angles and

distances, which is an indication that there are potentially some errors in the structures.

That said, the models give the most complete interpretation of the structure of PepT1 and

PepT2 and were used to help determine the role played by the ECD in the transporter

cycle.

7.4 Investigating the role of the ECD in the transport cycle

The mutant and chimeric transporters constructed are shown in Figure 7.6A. The ECD∆

(ECD deleted) and ECD swapped mutants were designed to determine whether the spe-
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cific deletion of the ECD from both PepT1 and PepT2 effected the apparent Km compared

to the native transporter. The instability observed in the MmPepT1ECD when D476 and

D574 were mutated to alanine was also investigated. The alanine mutations, which re-

move the salt bridge interactions between the lobes were found to reduce the Tm of the

MmPepT1ECD D476 and D574 mutants by approximately 15 and 20 ○C respectively (Ta-

ble 7.3). Therefore to ascertain if the stability of the ECD is essential for WT transporter

function, two HsPepT1 mutants were constructed; a single mutant HsPepT1-D573A, and

a double mutant HsPepT1-D476A/D573A (D476 and D574 in the M. musculus sequence

are D475 and D573 in H. sapiens). The WT and mutant transporters were assayed for

function in X. laevis oocytes using GlySar as a substrate and transporter activity was de-

termined using the TEVC method. All experiments and data processing were conducted

by Anne Barrett (Department of Biochemistry, University of Oxford) in the lab of Dr

Stephen Tucker (Department of Physics, University of Oxford) (see § 2.8.6 for methods).
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Figure 7.6: The composition and results of mutant and chimeric PepT1 and PepT2 transporters constructed to investigate the role of the ECDs in the transport

cycle. Elements from PepT1 and PepT2 are highlighted in red and blue respectively. The green star annotate an aspartate to alanine mutation of the lobe salt bridge aspartate residue. (B)-(F)

show the apparent Km curve fits for the respective WT, chimera and mutant transporters. The approximate Kms of the WT transporters were assumed to indicate a PepT1 or PepT2 ‘like’ property.

The HsPepT1-D573A mutant gives a similar Km to WT HsPepT1, indicating that the aspartate mutant does not effect the transport properties of the PepT1. The HsPepT2-ECD∆ and ECD1

mutants both give Kms similar to WT, again suggesting the mutants do not effect transport. (G) Shows a reducing 10% Tris-Gly anti-FLAG western blot showing that expression was observed for

the HsPepT1 WT and D573A mutant transiently transfected oocytes. No expression was observed for the HsPepT1 ECD∆, ECD2 chimeras or the D475A/D573A mutant. X=unknown band.
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Results

Figure 7.6B to F show the results of the X. laevis oocyte TEVC experiments. Figure 7.6G

shows an anti-FLAG western blot of the PepT1 mutant constructs. Of the HsPepT1 ex-

periments attempted only the WT protein and D573A mutant expressed in the transiently

transfected X. laevis oocytes. Figures 7.6B and C show that the HsPepT1 WT and D573A

mutant gave comparable apparent Km values, indicating that the D573A mutant, does not

effect transport.

Figures 7.6D, E and F show the results from the HsPepT2 WT, ECD∆ and ECD1 chimeras

experiments respectively. The graphs show that no change was observed in GlySar appar-

ent Km for the ECD∆ and ECD1 chimeras compared to WT. Given the stable membrane

insertion of the HsPepT2 ECD1 chimera, it is tempting to assume that the lack of HsPepT1

ECD2 chimera expression in X. laevis oocytes, was due to protein instability. This would

indicate that the PepT1ECD is essential for protein stability, whereas in PepT2 the ECD

is not.

It is also possible that the HsPepT1 ECD∆ and ECD2 mutants, were constructed in

such a way that prevented stable protein folding. PepT1ECD, like PepT2ECD may as the

crystal structure suggests, be an entirely separate autonomous domain of the transporter,

which is not required for transport. In some respects the HsPepT1-D573A mutant result

confirms this view, as the MmPepT1ECD-D574A mutant is unstable, so the ECD in the

HsPepT1-D573A construct is also likely to be unstable. Therefore if the WT HsPepT1ECD

is required for transport, a reduction in the apparent Km would have be expected from

the HsPepT1-D573A construct, but none was observed. It may be the ECD is required

for the stable folding and insertion of PepT1 into the membrane. However, if this was

only the case then the double mutant, D475A/D576A should also have produced folded

protein, which it did not.

In summary, the X. laevis oocyte TEVC assays have demonstrated that PepT2ECD is

not required for the transport of GlySar by PepT2; furthermore that the ECD does not

contribute to the PepT2 ‘like’ transport properties of PepT2. For PepT1, based on this

experiment, the story is still conflicted. There is an indication that the ECD is not required

for transport, but that the ECD is important for the stability of the transporter in some
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way which, as yet, is still to be determined. Based on this work, it seemed reasonable to

look for a primary function of both PepT1 and PepT2 ECD outside of the transport cycle.

7.5 Proteolytic cleavage of dietary protein

The digestion of dietary protein, introduced in § 1.2.1, is a highly regulated process. Upon

entering the stomach, the protein component of food is immersed in a bath of acid (pH

2.0) and attached by pepsin, the first in a series of proteolytic enzymes (Berne and Levy

2008a). The H+ concentration helps to unfold the dietary protein chains so that pepsin can

cleave the peptide chains. Pepsin has a specificity for the large hydrophobic side chains,

leucine, tryptophan, phenylalanine and tyrosine (Fruton and Bergmann 1939), and cleaves

the downstream peptide bond. The partially digested peptide chains are retained in the

stomach until non-solid (chymus); approximately 4 hr, depending on how well the food

is homogenised (Hinder and Kelly 1977). The peptides are then passed to the small

intestine. The length of these peptide chains is dependent upon the residue composition

of the original protein. Based on the pepsinisation of myosin, the principle component

of muscle tissue, 85% of amino-acids remain in peptides greater than 5 residues in length

upon entry into the small intestine.

At the point of entry into the small intestine, the chymus is perfused with HCO−

3 , to

neutralise the acidic pH, and 5 pancreatic proteases, trypsin, α-chymotrypsin, elastase,

and carboxypeptidase A and B (Berne and Levy 2008b) are excreted from the pancreas.

These peptidases are secreted as pro-enzymes which become activated upon proteolytic

cleavage. Typsinogen, the trypsin pro-enzyme, is activated by enterokinase (Tarlow et

al. 1970), a protease from the same family as α-chymotrypsin, which is anchored to the

intestinal brush boarder membrane. Enterokinase cleaves an N-terminal fragment from

the trypsinogen, activating trypsin, which in turn activates the other pancreatic proteases

(Berne and Levy 2008b). The significant role that the pancreatic peptidases play in

digestion cannot be understated. Individuals who possess an inactive form of enterokinase

suffer from severe malnutrition and fits of vomiting (Tarlow et al. 1970).

The pancreatic enzymes work in concert to break down the peptide content of the chymus

into di- and tri-peptides, and free amino-acids (Berne and Levy 2008b). Webb, Matthews,
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and DiRienzo (1992) estimated that 79% of amino acid absorption occurs in the form

of peptides, which means that PepT1 is the principle route for the absorption of dietary

protein. That said, PepT1 null (PepT1−/−) mice are phenotypically WT under standard

living conditions (Hu et al. 2008). This suggests that the dietary protein requirement can

be met by complete peptide hydrolysis, and subsequent amino-acid absorption by lumenal

amino-acid transporters. However, the PepT1−/− mice were impaired at absorbing protein

compared to WT when given high protein diets (Nässl et al. 2011). It is probable that

phenotypic deficiencies would be more apparent in animals which require a high protein

diet. This can be seen in C. elegans PepT1−/− knock outs which show a marked reduction

in growth and fertility (Meissner et al. 2004).

7.5.1 The ECD as a protease binding protein

Considering that di- and tri-peptides, the potential products of a peptide cleavage reaction,

from trypsin and α-chymotrypsin, are the substrates of PepT1. It is not an unreasonable

hypothesis that there may be an interaction between the proteases and the peptide trans-

porter, which aids the presentation of substrate to the transporter. Some evidence for

transporter and protease binding does already exist. Kowalczuk et al. (2008) found that

the stability of the amino acid transporter, B0AT1 (SLC6A19) was significantly increased

by the co-expression of dipeptidyl carboxypeptidase I. If there was an interaction between

a protease and PepT1, the ECD is the obvious place for the interaction to occur.

Figure 7.7 shows the electrostatic surfaces of the hybrid models of H. sapiens PepT1 and

PepT2. It is not obvious from inspection of the models where a potential interaction site

might reside. The sequence analysis of the ECDs (§ 6.3) indicated that the only area of the

ECDs which shows significant sequence conservation is the lobe interface. It is possible

that the ECD, in binding a protease acts like a clam shell, and captures the protease

between the lobes. The SAXS and AUC analysis (§ 6.6) suggests this is more probable

for PepT2 than PepT1, as PepT2 proved to have a more dynamic lobe interface. It may

also be, that the ECD works with the TM domain to capture the protease. In PepT1, the

unstructured extra-cellular loop between TM helices 3 and 4, which protrudes from the

adjacent side of the transporter and may act as the other half of binding cleft.
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Figure 7.7: The electrostatics of HsPepT1 and HsPepT2. The electrostatic
surfaces were generated using Baker et al. (2001).
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Figure 7.8: The structures of the pancreatic peptidases trypsin, α-
chymotrypsin and elastase. The cartoon representations have the secondary struc-
tural elements and the catalytic triad highlighted. The cyan oval shows the location of
the catalytic triad on the cartoon diagrams and the electrostatic surfaces of the peptidases
(Baker et al. 2001).

7.5.2 Trypsin, α-chymotrypsin and elastase

Figure 7.8 shows the structures of trypsin, α-chymotrypsin and elastase. Despite structural

and functional conservation, the proteases from the three families only share 40% sequence

identity. Trypsin, α-chymotrypsin and elastase are serine proteases and have the same

catalytic mechanism, the catalytic triad, which is highlighted in Figures 7.8. Inspection of

the electrostatic surfaces of the enzymes shows there is significant sequence variation, even

around the binding cleft of the proteases. That said, the other side of the proteases seems

to have a relatively well conserved positive patch, which could be a binding interface.

7.6 ECD binding experiments

SPR was used to investigate the binding of proteases to MmPepT1 and RnPepT2 ECD.

The materials and methods used are fully described in § 2.8.7. Briefly, the ligand (ECD)

was immobilised to a Series S, CM5 chip (GE Healthcare) by amide coupling, aiming for a

RUMAX of 1000 RUs. Blank flow cells were immobilised with ethanolamine. The digestive

proteases trypsin, α-chymotrypsin, and pepsin were used as the analyte and passed over

the active and blanked flow cells at concentrations of 1000, 500, 250, 125, 62.5, 31.25,
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15.625 and 7.8125 µM. The limit of the assay appears to be 1000 µM. Higher analyte

concentrations produce spurious sensograms, probably caused by the refractive index of

the bulk analyte.

Other immobilisation strategies were attempted as the amide coupling would randomly

orientate the immobilised ECD and therefore perhaps obscure the binding site in a par-

ticular orientation leading to inaccurate Kd calculation. AviTagTM immobilised protein

onto a Series S, CAP chip (GE Healthcare) was also attempted. Unfortunately trypsin

showed high affinity for the single stranded DNA which make up the chip surface and the

AviTagTM appeared to obscure the trypsin binding site.

7.6.1 α-chymotrypsin and pepsin

At first, these SPR binding experiments were exploratory in nature, as the function of

the ECDs were not known. § 7.6.2 shows that the ECDs have a specific interaction with

trypsin and § 7.6.3 explores this interaction in terms of MmPepT1ECD. However, at the

start α-chymotrypsin was also a possible interaction partner and pepsin was felt to be a

good negative control; as pepsin should be inactive in the small intestine where PepT1 is

expressed.

Figure 7.9 shows the blanked sensograms and binding curve fits for MmPepT1ECD and

RnPepT2ECD with α-chymotrypsin and pepsin. α-chymotrypsin does show some affinity

for the ECDs however, this interaction could not be saturated using this SPR protocol.

Given the lack of saturation, there is a large error associated with the predicted Kds of

1.3 ± 1.0 and 4.2 ± 5.0 mM for MmPepT1ECD and RnPepT2ECD respectively. Pepsin, did

not give a positive sensogram for either MmPepT1ECD or RnPepT2ECD, which suggests

that there is no interaction between the Pepsin and either ECD.

7.6.2 Trypsin

Initial binding experiments using an excess of bound ligand to the chip surface suggested

a specific interaction between MmPepT1ECD and trypsin. An unsaturatable interaction

was also observed between RnPepT2ECD and trypsin in this initial assay. To improve the

accuracy of the calculated affinity constants, a reduced amount of ligand was immobilised.
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Figure 7.9: The blanked subtracted sensograms and equilibrium data fits for
the ECDs with α-chymotrypsin and pepsin. Each plot (A) to (D) shows the blanked
subtracted sensogram on the left and the equilibrium fit to the data on the right. Both
ECDs show an interaction with α-chymotrypsin, with predicted Kds for MmPepT1ECD and
RnPepT2ECD of 1.3 ± 1.0 and 4.2 ± 5.0 mM (2.s.f) respectively at the 0.05 criterion and
n = 3. Both of these values are extrapolations as the interaction could not be saturated
in this assay format. Pepsin did not bind to either ECD immobilised cell greater than
reference, suggesting no interaction.
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Under these conditions the following results were obtained (Figure 7.10). MBP was used

as a control protein as it became clear that trypsin has a general affinity for protein.

MBP was chosen as the control protein as there is no physiological link between MBP and

trypsin, therefore any affinity observed by trypsin for MBP was assumed to be a basal

affinity which trypsin has for generic folded protein.

The results of the SPR binding experiments indicate that MmPepT1ECD and RnPepT2ECD

have an affinity for trypsin which is significantly lower (at the 0.05 criterion) than the

control protein, which suggests that the ECDs make a specific interaction with trypsin.

The Kd of MmPepT1ECD is also significantly lower than RnPepT2ECD at 90 ± 20 and 170 ±

30 µM respectively. Since trypsin appeared to have a greater affinity for MmPepT1ECD

than RnPepT2ECD, primary focus to understand the interaction was put on MmPepT1ECD.

7.6.3 Characterising the MmPepT1ECD trypsin binding site

Mutagenesis experiments were designed based on a PepT1ECD sequence alignment (Fig-

ure 7.11A) and examination of the structure of MmPepT1ECD (Figure 7.11B). It was not

clear by what mechanism the trypsin interacted with the ECD. It could be that the two

lobes separate and bind trypsin in a clamshell-like manner, or the two lobes may remain

locked together during the interaction. To test these two possible mechanisms, the two salt

bridge aspartate residues (D476 and D574) were mutated plus a range of surface mutations

were designed encompassing both conserved and non-conserved residues.
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Figure 7.10: The blank subtracted sensograms, equilibrium data fit and bind-
ing constants for trypsin and MmPepT1ECD, RnPepT2ECD and MBP. Each plot
(A), (B) and (C) shows the blanked subtracted sensogram on the left and the equilibrium
fit to the data on the right. The calculated Kds with confidence limits (0.05 criterion, n
= 3) from the equilibrium fits are shown in (D). The binding of MmPepT1ECD could
be saturated in these conditions. The binding curves for both RnPepT2ECD and MBP
are both showing a sign of saturation, but the reached the limits of the assay. The Kds
calculated for MmPepT1ECD, RnPepT2ECD and MBP were 90 ± 20, 170 ± 30 and 360 ± 60
µM respectively.
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Figure 7.11: Design of MmPepT1ECD mutants to localise trypsin binding site. (A) A sequence alignment of vertebrate PepT1ECD

sequences, coloured blue and pink for identical and similar residues respectively. The secondary structure of MmPepT1ECD has been mapped on top
of the alignment and potentially residues involved in binding are shown below. (B) Two side views of the closed MmPepT1ECD monomer showing
the electrostatics (Baker et al. 2001) and ribbon of the structure. The residues highlighted are also shown on the alignment in (A), apart from the
two salt bridge aspartate residues which are marked with an blue triangle (▲).
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It was hypothesised that D476A and D574A mutations would negatively effect the bind-

ing of MmPepT1ECD to trypsin. These resides were most likely residues to mediate the

interaction in the event of a clamshell-like mechanism. They also maintain the closed

conformation of the ECD (§ 6.5), so if trypsin did bind to the surface of MmPepT1ECD,

the breakdown of the closed conformation was also likely to inhibit binding. The surface

mutation were a good negative control for a clamshell mechanism, because if a single sur-

face mutation inhibited binding, the binding face was unlikely to be located in the lobe

interface.

Figure 7.12A shows a table of MmPepT1ECD mutant constructs designed to examine and

characterise the binding of MmPepT1ECD to trypsin; the mutants shown in plain text

were purified and tested for trypsin binding affinity using the SPR assay. Mutants were

cloned as described in § 2.8.7. Figures 7.12B and 7.12C show an S75 10/300 GF trace and

reducing 15% Tris-Gly SDS-PAGE gel of the purified mutants respectively. The GF traces

show that the mutants all elute at approximately the same Ve as WT, indicating they are

also folded and stable. The SDS-PAGE gel shows that there is still minor contaminations

in many of the mutant samples, but the majority of the protein present is the ECD mutant.

With the exception of the H453E/D454R/E456R mutant, where it is not clear the ECD

band makes up the majority of the protein in solution.

Results

The MmPepT1ECD mutants were screened in the same manner as the WT protein as

described in § 2.8.7. Figure 7.13 shows the blanked sensograms for the experimental mu-

tants tested. Although protein had been produced for the D476A, D550A/E573A/D425A

and D550A/E573A/D425A mutants, an error occurred with the immobilisation and the

experiments were not be repeated. Good immobilisations and data were collected for

the mutants shown in Figure 7.13. The only data which is questionable is from the

H453E/D454R/E456R sample, as the gel from Figure 7.12C shows that the sample is not

pure.

The Kd of each mutant is plotted with the 95% confidence limits (n = 3) with the WT

MmPepT1ECD data in Figure 7.14. The R472A/K475A, R472E/K475E and E509R mu-

tants, with calculated Kds of 100 ± 10, 110 ± 10 and 70 ± 10 µM respectively, did not signif-
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Figure 7.12: An assessment of the purity of the MmPepT1ECD mutants. (A) A
table of the MmPepT1ECD mutants designed for the characterisation of the trypsin binding
site. Each mutation is colour matched to Figure 7.11 and its position on the structure is
given in the right hand table column. The mutants shown in italics have either yet to be
purified, and/or data has not been collected. (B) and (C) show the S75 10/300 GF traces
and a reducing 15% Tris-Gly SDS-PAGE gel of the mutants which could be purified.
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Figure 7.13: The blanked subtracted sensograms and equilibrium data fits for
the immobilised MmPepT1ECD mutants and trypsin. Each plot, (A) to (H),
shows the mutant blanked subtracted sensogram and equilibrium binding fit on the left
and right hand side respectively.
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Figure 7.14: A plot of the MmPepT1ECD mutant Kds calculated from equilib-
rium data analysis. Each Kd is plotted with the 95% confidence limits at n = 3. The
trypsin Kd and confidence limits for MBP are also plotted to show the general affinity
trypsin has for globular protein.

icantly differ from MmPepT1ECD WT at the 0.05 criterion. The H453A/D454A/E456A,

N515A, D574A and D550A/E573A mutants Kds of 420± 40, 170± 10, 300± 10 and 250± 10

µM respectively, were significantly lower compared to WT at the 0.05 criterion. The Kds of

H453A/D454A/E456A, D574A and D550A/E573A mutants, fall with the range of MBP,

which suggests that the mutation has removed the specific affinity which trypsin had for

MmPepT1ECD.

Analysis

The results from § 7.6.3 show that the affinity between MmPepT1ECD and trypsin can

be modulated by mutating specific residues in MmPepT1ECD, which is consistent with

a specific interaction between two proteins. The N515A mutant did significantly effect

binding compared to WT, but not significantly enough to be within the binding range of

MBP. Three mutants, the H453A/D454A/E456A, D574A and D550A/E573A all reduced

the Kd of the MmPepT1ECD trypsin interaction to within the range of the control protein.
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Figure 7.15: Analysis of the MmPepT1ECD sequence and structure in the region of the H453A/D454A/E456A and D550A/E573A mutants. Throughout this figure the

colour coding of the mutants is consistent with the Figures 7.11 and 7.12A. (A) A sequence alignment of the areas of MmPepT1ECD lobe 1 and lobe 2 which contain the H453A/D454A/E456A and

D550A/E573A mutants. The other mutants which also fall in these regions have also been shown. (B) An alignment of lobe 1 and lobe 2 MmPepT1ECD sequences from (A), showing the mutant

positions, and the Loop motif and conserved aspartate identified in § 6.3.3. (C) Maps the mutants locations to the MmPepT1ECD structure in the closed conformation. The blue circles show the

surface mutant locations which have a negative impact on trypsin binding. (D) An SSM (Krissinel and Henrick 2004) Cα alignment of two MmPepT1ECD monomers which superimposes lobe 1 and

lobe 2. The H453A/D454A/E456A and D550A/E573A mutants have been highlighted in red and magenta respectively.
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Figure 7.15 shows a sequence and structural analysis of the binding data. Based on the

results it is still not clear exactly how MmPepT1ECD and trypsin interact as there are sev-

eral ways in which the data can interpreted. The mutants were designed to narrow down

the binding interface to either a surface interaction or a clamshell-like mechanism between

the two lobes. The decreased in trypsin binding observed for the H453A/D454A/E456A

and D550A/E573A mutants suggest that the trypsin binding site is located on the surface

of MmPepT1ECD. Figure 7.15C shows that the relative locations of H453/D454/E456 and

D550/E573 are on opposite sides (blue circles) of MmPepT1ECD in the closed conforma-

tion. So there could be two locations on the surface of the PepT1ECD which interact with

trypsin.

There is some evidence for theory from the the sequence (Figure 7.15A and B) and

structural alignment (Figure 7.15D). Figure 7.15A shows that of the residues in the

H453/D454/E456 mutant, only E456 shows conservation; in the D550/E573 mutant, both

are well conserved. The alignment of lobe 1 and lobe 2 (Figure 7.15B) shows that E456

and D550 align together. This can also be seen in the structural alignment of both lobes

(Figure 7.15D). It is unlikely that only one residue mediates the interaction between

MmPepT1ECD and trypsin, however this analysis shows that due to the fact that the

ECD is composed of two repeating units related by a 2-fold rotation, it could be possible

for trypsin to have affinity for two locations on either side of the protein. Another expla-

nation of these data is that, either mutant could have a destabilising or allosteric effect

on the entire ECD, which inhibits binding at the other location.

The decrease in affinity from the D574A mutant suggests that the lobes do need to remain

in the closed conformation to allow trypsin to bind. The N515A mutant to a certain

extent supports this conclusion as it is located at the edge of the binding interface and

may also affect the stability of the closed conformation. However, if the residues which

line the interface can affect the closed conformation stability, it might also be expected

that the R472A/K475A and R472E/K475E mutants also negatively effect binding, and

this was not the case. Also, since the location of trypsin binding could not be definitively

pinpointed to an MmPepT1ECD surface location, it could still be that binding occurs in a

clamshell-like mechanism, and the negative affect observed in the H453A/D454A/E456A

and D550A/E573A mutants is again related to an allosteric effect.
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7.7 Discussion

The final aim of this thesis was to investigate potential functions of the peptide transporter

ECD. Three possible functions were hypothesised; that the ECD binds some other factor

which regulates or aids the function of the transporter, that the ECD was an essential

component of the transport cycle or that the ECD is necessary in some capacity for the

stability of the transporter. A literature review into potential ligands and regulatory

factors of PepT1 and PepT2 did not identify any ligands which could be shown to have

an interaction with either MmPepT1 or RnPepT2 ECD.

To further investigate these ideas, hybrid models of H. sapiens PepT1 and PepT2 were

constructed. The hybrid models are the first relatively complete models of H. sapiens

PepT1 and PepT2. The principle missing pieces of structure are located in the N- and C-

Termini and extra-cellular loops. The Molprobity and Ramachadran analysis indicate

that the models are reasonable in terms of there overall bond angles, distances and internal

clashes. The structures represent the best current models of the mammalian peptide

transporters and so should be used as a basis for future experiments, but with a degree of

caution. From a practical point of view, the models potentially could be used to solve the

phases of a native protein crystal by molecular replacement.

The hybrid models indicate that the ECDs of the vertebrate peptide transporters are

located above the TM domain of the transporter. This location of the ECD at the end

of intra-cellular gate pore helix, suggested that the ECD could function as a mediator

of the transporters function. To examine this hypothesis, the ECD∆ and ECD swapped

mutants were created. The results indicated that PepT2ECD is not required for transport,

and that PepT1ECD may have a stabilising role. In support of this latter hypothesis, the

PepT1-D574A mutant gave WT-like transport properties, even though the mutation alters

the ECD structure, changing it from a closed lobe conformation to open. The mutation

also significantly reduces the stability of the ECD in solution, however, it may be that the

presence of the TM domain silenced this effect.

The SPR experiments indicated that both MmPepT1ECD and RnPepT2ECD bind trypsin

with affinities of 90 ± 20 and 170 ± 30 µM respectively. This interaction, certainly for

PepT1 is physiologically reasonable as the concentration of trypsin in the small intestine
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Figure 7.16: A representation of how an interaction between PepT1ECD and
trypsin aids the uptake of di- and tri-peptides in the small intestine. Trypsin
in the unstirred layer, interacts with a peptide. As peptide bond hydrolysis occurs, the
predisposition of trypsin for PepT1ECD localises the tri-peptide product to the transporter
binding site, and transport ensues. The trypsin then dissociates to diffuse and find more
substrate.

has been estimated at 1 − 40 µM (Kong et al. 1997). Unfortunately due to speed of the

on and off rates, SPR could not be used to estimate the on and off rates of binding.

However, inspection of the sensograms indicated that association and dissociation are

instantaneous at pH 6.5. This weak interaction is therefore exceptional transient, and

would localise the trypsin in the vicinity of the transporter, but still allow the protease to

diffuse throughout the unstirred layer finding substrate. Figure 7.16 gives a representation

of how this interaction could aid the transport of di- and tri-peptides into the gut lumen.

The interaction between PepT1 and PepT2, and trypsin is also of importance outside the

environment of the small intestine. Trypsin mRNA has been detected in the epithelial

tissues of the kidney, liver and CNS, and in white blood cells (Koshikawa et al. 1998),

suggesting that trypsin’s role in the body is not confined to the intestine. Expression of

trypsin in these tissues suggests that trypsin would be present in the blood, and hence
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the need for plasma trypsin inhibitors (Stockley 2014). If trypsin is in the blood it is

possible that it plays a protein cleavage role in the proximal loop of the kidney; cleaving

small plasma peptides and helping the re-absorption of nitrogen lost during kidney blood

filtration.

The localisation of the MmPepT1ECD trypsin binding site was also investigated using site-

directed mutagenesis and the SPR assay. Unfortunately a definitive binding mechanism

could not be elucidated. Based on the results presented in this chapter, the clamshell-like

mechanism is still possible as the surface mutants may have affected an interface centred

binding site but, in the authors opinion this is unlikely. The linker mutation studied in § 6.5

demonstrated that the lobes in MmPepT1ECD primarily remain associated together along

the closed conformation lobe interface. It is improbable that such a transient interaction, as

the trypsin association is, could be based upon an interface which is not readily available.

It is more likely that residues on the surface of the MmPepT1ECD mediate such a fast

interaction.

Even given the topological similarity highlighted in Figure 7.15, it also seems unlikely that

two separate areas of the protein are involved in binding trypsin. It is more likely that

one or other of the mutations has effected the other allosterically, producing a comparable

negative effect on binding. The complete set of mutations proposed in Figure 7.12A would

allow for a greater characterisation of the single residue contributions to the binding face.

In particular, the single E456A and D550A mutants, as these two appear to show sequence

and structural conservation.

There is sequence and structural evidence to support both potential surface binding sites.

The lobe 1 binding face, faces the top of the TM domain in the hybrid models, but both

orientations are possible. This orientation was selected, by observation, as the residues in

the linkers between the lobes, and the ECD and the transporter fit in a more logical way

e.g. the ECD-TM domain linkers did not cross; this of course could be incorrect.
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Figure 7.17: Possible conservation of trypsin binding interface between PepT1 and PepT2 ECD. (A) Shows a sequence alignment of
vertebrate PepT1 and PepT2 ECD sequences. The secondary structure of MmPepT1ECD and RnPepT2ECD is shown above and below respectively.
The βA, Loop and aspartate motifs (identified in § 6.3.3) are shown in the lobe 1 and lobe 2 regions by yellow, red and green boxes respectively.
The βA motif and the region around the conserved aspartate are well conserved between PepT1 and PepT2. The Loop motif is only well conserved
between PepT1 and PepT2 in the lobe 2. (B) An SSM (Krissinel and Henrick 2004) Cα alignment of MmPepT1ECD (blue) and RnPepT2ECD (purple).
The surface exposed residues of the Loop motif in Lobe 2 have been highlighted (MmPepT1ECD/RnPepT2ECD). The sequence conservation observed
in the alignment translates well when mapped onto the structure.
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Compared to lobe 1, the lobe 2 binding face, faces away from the TM domain in the hybrid

models, but appears to be conserved between PepT1 and PepT2. Figure 7.17A shows a

vertebrate alignment of PepT1 and PepT2 ECD sequences with the motifs identified in

§ 6.3.3 highlighted. The Loop motif in lobe 2 shows much stronger conservation in sequence

and structure (Figure 7.17B) between PepT1 and PepT2, and this is where D550 from

MmPepT1ECD is located. Since it is likely that PepT1 and PepT2 bind trypsin in the

same manner, other than the βA and aspartate regions of the sequence, this is the only

section which shows conservation. An investigation into the binding residues in PepT2ECD

was not attempted in this thesis, but should be completed to characterise the interaction

and understand why there is a difference in trypsin affinity between PepT1 and PepT2.

Ultimately, this chapter has completed, and partially completely two aims of thesis (§ 1.7);

to build homology models of the two transporters and to discover a possible function for

the ECD. Work has been performed to characterise the MmPepT1ECD trypsin binding

site, and advances in understanding have been made, but not completed. The PepT2ECD

trypsin binding site has not been investigated but based on the results of PepT1, a study

into the potential conservation of the Loop motif as a trypsin interface should be tested.
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Final discussion

8.1 Final analysis

At the beginning of this work no structural and functional data had been collected on the

vertebrate peptide transporter ECD. It was not even known whether this region of the

protein, which had always been annotated as a ‘loop’, was folded. The crystal structures

of the bacterial peptide transporter homologues, PepTSo and PepTSt (Newstead et al.

2011; Solcan et al. 2012), gave the first insight into the structure of the TM domain of the

transporter. Since the TM domain of the bacterial peptide transporters is a self-contained

functional unit and shares 30% sequence identity with the human transporters, it was

considered likely that the loop was also a self-contained functional unit. Bioinformatic

analysis (§ 1.6) suggested that a significant proportion of the loop region was ordered

and contained secondary structural elements. It was considered possible that the loop’s

tertiary structure was dependent upon the TM domain, but it was sensible to explore the
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recombinant expression of the loop region.

The OPPF-UK pipeline was used to screen the initial mutants which proved successful.

The MmPepT1ECD construct proved to be very stable and expressed in large quantities. Of

the other PepT1 genes examined, only the O. cuniculus and B. taurus ECDs expressed and

purified, but not to the same level as the M. musculus construct. The O. cuniculus and B.

taurus PepT1ECDs were also less stable than the M. musculus construct. The purification

of PepT1ECD demonstrated the importance of multiple gene screening in situations where

no structural data is present.

The crystallisation of MmPepT1ECD was perhaps the most fortunate event of the whole

project. The high resolution rod-like crystals have still never been reproduced despite

extensive efforts to so. Crystallisation appears to have been completely dependent upon

the well condition bought from Emerald Biosciences. Even other batches of Emerald

Bioscience well condition did not yield the rod-like crystals. Examination of the ASU of

the crystal possibly yields the answer. The biophysical analysis, performed in Chapter 6,

strongly suggests that the lobes of PepT1 remain in the closed conformation, regardless

of the external environment. This in turn suggests that the ASU conformation is not a

thermodynamically stable state under normal conditions. Therefore, during nucleation, it

follows that the well condition must have encouraged this unfavourable interaction and,

based on the difficulty in recreating these crystals, this condition must be quite unique.

PepT2ECD presented a very different challenge. The time taken from initial construct

cloning to the solution of the structure was approximately 2.5 years. The majority of that

time was spent working with the MmPepT2 410−609 construct. Even when the construct

was truncated to residues 410− 601, the MmPepT2ECD failed to crystallise. However, the

change to the R. norvegicus gene produced crystals in a matter of hours. This story is

probably familiar to many crystallographers; hopefully this experience will be beneficial

for future projects.

It was not predicted that the domains would share any structural features, and it is

amazing how similar in structure they are, given they share so little sequence identity. It

was difficult to analyse a single ECD. When the structures of both were known, headway

in probing their properties was made. The areas of sequence conservation were not obvious

until it was clear that the ECDs shared a common fold. The principle difficulty was that
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it was assumed that the solution of the structures would give insight into the function

of the ECDs, and then this function could be probed biophysically. The discovery that

both domains were structurally related to TTR was of limited usefulness, given that the

sequences was not well conserved. The βA motif appeared to be the only area which

showed conservation which was relatively weak.

The sequence and structural analysis did highlight the lobe interface and the conserva-

tion of the aspartate residues, D476 and D574 in MmPepT1ECD, and D505 and D600 in

RnPepT2ECD. Mutating the aspartate residues produces predictable effects on the stabil-

ity and conformation of the ECDs. The stability of MmPepT1ECD was dependent upon

the salt bridges, which also reduced the domain’s affinity for trypsin. In RnPepT2ECD,

the D505A and D600A mutation produced the opposite effect, increasing the stability of

the ECD. The reason for the proximity of the two aspartate residues in RnPepT2ECD was

not elucidated. Probing of the entire transporter function will hopefully give an answer

to this question in due course.

A limitation to studying the entire transporter was that the full length PepT1 and PepT2

protein could not be stably expressed in either E. coli or S. cerevisiae; therefore the project

was dependent upon X. laevis oocyte assays. A large amount of work has been performed

using heterologous organism based assays to probe the function of residues in the peptide

transporters. When analysing the hybrid models, it became clear that mutational data

into the function of the transporters had been misinterpreted due to the absence of a good

model of PepT1 and PepT2 and to the limitations of assay using transiently expressed

protein. Conclusions based on the mutational data and chimeric studies presented in § 7.4

were made with caution due to the limitation of the assay. That said, the results did

suggest that the ECDs were not essential for transport; therefore the idea of the ECDs

acting as a binding platform was explored.

The protease binding studies presented in § 7.6 suggest that both MmPepT1ECD and

RnPepT2ECD bind trypsin in a specific manner. The interaction between trypsin and

MmPepT1ECD was explored further and the possible location of the binding site was iden-

tified. The full study remains to be completed as the final mutants could not be performed

in the time left for this thesis. The RnPepT2ECD binding needs also to be explored. The

results and analysis of the MmPepT1ECD data do suggest a possible conservation in the
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binding site between the two domains, and it would be interesting to see if this is the case.

The binding of PepT1ECD to trypsin was relatively weak, 90 ± 20 µM, suggesting that

under physiological conditions trypsin would exhibit a predisposition for binding PepT1,

and thereby would increase the local concentration of di- and tri-peptides in the vicinity

of the transporter. However, it is possible that the trypsin interacts with more of the

transporter than just the ECD. The large extra-cellular loop between TM 3 and 4 sits on

the opposite side on the transporter to the ECD and given the size of the loop, it is very

possible that it acts as part of a binding cavity.

The functional binding of PepT2ECD to trypsin has yet to be explained. It may be that the

domain binds another trypsin-like protease. Given the number of proteases which exist

in the body, this is quite an attractive hypothesis. The binding assay performed in § 7.6

only examined intestinal proteases, an organ which does not express PepT2. The tissue

distribution of PepT2 in the lung and CNS suggests that PepT2 has a more diverse role

to play in the bodily peptide transport than PepT1. One of these roles in the lung has

been identified as part of the innate immune system (Swaan et al. 2008). Like many tissue

proteases perform a homostatic role in the lung; as a potential site of bacterial infection

neutrophil proteases, such as neutrophil elastase, are involved in the immune response to

pathogenesis (Greene and McElvaney 2009) in the lung epithelium. A immune protease

may act in breaking down immunogenic proteins and then aid there transport by PepT2

by also have a predisposition for binding PepT2ECD.

Ultimately, the recombinant expression, purification, crystallisation and biophysical anal-

ysis of the ECDs has given insight into a hitherto unstudied region of a highly important

transport system. The aims of this thesis (§ 1.7) were thus for the most part completed.

8.2 Future work

The functional studies of the ECD and proteases was not completed. The SPR assay estab-

lished an interaction between both ECDs and trypsin. The binding site characterisation

of MmPepT1ECD needs to be completed and the started in RnPepT2ECD. It would also

be valuable to see these results confirmed using another biophysical assay. Preliminary

work using ITC indicated that this technique could not be used to study the interaction
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as the enthalpy of binding is not high enough to be detected by the instrument. However,

the interaction could be observed by microscale thermophoresis, so it would be interesting

to see if the same results were obtained using this technique.

It would also be sensible to establish an experiment which looked to identify trypsin local-

isation to the WT transporters. The stable expression of PepT1 has been demonstrated

in a number of tissues. The fluorescent labelling of Pefabloc® inactivated trypsin should,

given the interaction with the ECD, localise to the plasma membrane of cell expressing

the WT transporter. It would be interesting to discover what effect the binding of trypsin

has on the function of the transport. A reasonable hypothesis would be that transport

is increased, but this might not be the case as the binding of trypsin could obscure the

substrate channel running through the transporter. Given the importance of PepT1 and

PepT2, as drug delivery targets, any data which suggests a positive or negative effect on

substrate transport in the peptide transporters is of great importance to the administra-

tion of drugs which utilise the the peptide transporters.

Finally, the functional expression of WT transporters is a clear future aim. All of the

functional work on the WT peptide transporters presented in this report was done using

transiently expressed protein in a host cell. This system, although informative, makes it

hard to draw solid inferences on the exact factors which effect function, and creates an

environment that can give misleading results. With the solution of the bacterial X-ray

crystal structures and functional studies (Newstead et al. 2011; Solcan et al. 2012; Doki

et al. 2013), a great leap in understanding of the transporters has been made. It is now

important to build on that progress and discover the protocols for large scale expression

of the WT peptide transporters.

The solution of the ECD X-ray crystal structures and the building of the hybrid models has

increased the ability to do this. Prior to this work, it was unclear if the ECD was a discrete

folded domain, folded into the transporter or a molten globule. Expression constructs can

now be designed based on the hybrid models in order to facilitate expression. E. coli

expression is unlikely; however, S. cerevisiae still needs to be adequately explored. The

recent structure of NRT1.1 (Parker and Newstead 2014) utilised a S. cerevisiae expression

system which would indicate that the PTR fold as at least amenable to it. Insert cell

infect baculovirus and immortalise HEK293 cell expression may also be feasible for the
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Once large scale expression of either, or hopefully both, mammalian transporters has been

achieved, the significant questions regarding the function of PepT1 and PepT2 can be

better addressed. For the author of this work, this would primarily comprise of further

studies into how the ECD interacts with proteases. It is also not clear from the hybrid

models how, if at all, the ECD interacts with the TM domain. Liposome based functional

studies would be a step forward in correctly inferring function from residue mutations. Ul-

timately, large scale expression would allow for crystallographic studies of the transporters

which could experimentally validate the hybrid models presented in this thesis.
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Complete X-ray crystallographic data statistics

The complete crystallographic data tables for MmPepT1ECD (Table A.1) and RnPepT2ECD

(Table A.2).
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Datasets
N1 Hg-SAD N2

Data Collection

Experiment type Native (low) Hg (SAD) Native (high)
Date 06/10/2011 04/11/2011 21/03/2012
Beamline I24 I04 I24
λ (Å) 0.968 1.0069 0.9686
Temperature (○C) −173 −173 −173
φ (○) 0 − 120 320 − 319 0 − 30, 80 − 180
∆φ (○) 0.2 1.0 0.2
Exposure time (s) 0.2 1.0 0.2
Transmission (%) 40 50 40
Detector Distance (mm) 369.65 281.71 298.49
Detector Pilatus 6M-F Quantum 315 Pilatus 6M-F

Data processing

Unit Cell (a, b, c) 53.07, 70.41, 111.30 53.55, 70.37, 111.60 53.45, 70.12, 111.19
(α, β, γ) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution Range 70.41 − 2.37 (2.47 − 2.37) 70.37 − 2.85 (3.05 − 2.85) 43.62 − 2.10 (2.16 − 2.10)
Measured Reflections 74130 (8384) 144862 (26394) 119801 (9797)
Unique Reflections 17446 (1929) 10365 (1823) 25021 (2027)
Multiplicity 4.2 (4.3) 14.0 (14.5) 4.8 (4.8)
Mosaicity (○) 0.114 0.14 0.09
Average B (Å2) 56.9 61.43 43.84
Overall ⟨∣I ∣/σ(I)⟩ 12.8 (2.2) 15.1 (4.1) 15.9 (2.7)
Overall Completeness (%) 99.4 (99.7) 100.0 (100.0) 99.5 (99.0)
Rmerge 0.072 (0.736) 0.172 (0.756) 0.050 (0.798)
Rmeas 0.092 (0.946) 0.178 (0.782) 0.062 (0.988)
CC1/2 0.998 (0.737) 0.997 (0.910) 0.999 (0.480)

Model building

Rwork 0.193
Rfree 0.242
Refined Residues 376
Refined H2O 150
B factor (Å2) 41.52
RMSD Bond Length (Å) 0.01
RMSD Bond Angle (○) 1.01

Ramachandran Plot (%)
Favoured 97.38
Allowed 2.62

Disallowed 0.00
Rotamer Outliers (%) 0.88

Molprobity (Percentile)
Clashscore 98

Overall 99

Table A.1: Complete X-ray crystallographic data statistics for the
MmPepT1ECD datasets. The values in parentheses are the highest resolution shell.
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Datasets
Se-SAD Se-pk Seed

Data collection

Date 06/05/2013 06/05/2013 24/06/2013
Beamline I04 I04 I03
λ (Å) 0.97942 0.97949 0.97625
Temperature (○C) −173
φ (○) 81.4−531.4 135−315 154−214
∆φ (○) 0.15 0.15 0.2
Exposure time (s) 0.07 0.07 0.2
Transmission (%) 50 40 20
Detector Distance (mm) 536.439 545.151 317.552
Detector Pilatus 6M-F Pilatus 6M-F Pilatus 6M-F

Data processing

Unit Cell (a, b, c) 96.03, 96.03, 166.60 95.75, 95.75, 163.93 43.07, 43.07, 220.53
(α, β, γ) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 90.0
Resolution Range 33.29 − 2.92 (3.00 − 2.92) 47.87 − 2.84 (3.00 − 2.84) 30.46 − 2.06 (2.12 − 2.06)
Measured Reflections 451479 (18569) 210301 (30663) 150949 (11076)
Unique Reflections 19910 (1438) 21355 (3090) 13809 (1003)
Multiplicity 22.7 (12.9) 9.8 (9.9) 10.9 (11.0)
Mosaicity (○) 0.116 0.090 0.080
Overall ⟨∣I ∣/σ(I)⟩ 21.0 (3.0) 13.2 (2.4) 18.9 (2.8)
Overall Completeness (%) 100.0 (100.0) 100.0 (99.8) 99.9 (99.5)
Rmerge 0.127 (0.906) 0.130 (0.943) 0.073 (0.892)
Rmeas 0.133 (0.981) 0.145 (1.049) 0.080 (0.977)
CC1/2 0.998 (0.900) 0.998 (0.722) 0.999 (99.5)

Model building

Rwork 0.204 0.197
Rfree 0.258 0.240
Refined Residues 576 189
Refined H2O 93 94
B factor (Å2) 65.1 39.1
RMSD Bond Length (Å) 0.00 0.01
RMSD Bond Angle (○) 0.75 1.29

Ramachandran Plot (%)
Favoured 94.1 96.3
Allowed 5.89 3.70

Disallowed 0.00 0.00
Rotamer Outliers (%) 2.14 0.50

Molprobity (Percentile)
Clashscore 100 100

Overall 99 94

Table A.2: Complete X-ray crystallographic data statistics for the
RnPepT2ECD datasets. The values in parentheses are the highest resolution shell.
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B
AUC data

B.1 Raw data Lamm equation fits

The sedimentation profile fits for MmPepT1ECD (A-L), RnPepT2ECD WT (M-X), RnPepT2ECD-

D505A (Y-AJ) and RnPepT2ECD-D600A (AK-AV), equilibrated in either: 20 mM Na

Acetate pH 5.5, 20 mM Tris pH 7.5, 20 mM Tris pH 8.0 or 20 mM Bicine pH 9.5 (all with

150 mM NaCl). The fits were calculated using Sedfit (Schuck 2000; Brown and Schuck

2006) and plotted using GUSSI.
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B.2 c(s) distributions

The c(s) distributions for MmPepT1ECD (A-D), RnPepT2ECD WT (E-H), RnPepT2ECD-

D505A (I-L) and RnPepT2ECD-D600A (M-P) equilibrated in either: 20 mM Na Acetate

pH 5.5, 20 mM Tris pH 7.5, 20 mM Tris pH 8.0 or 20 mM Bicine pH 9.5 (all with 150 mM

NaCl) calculated using Sedfit (Schuck 2000; Brown and Schuck 2006).
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