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Methods

Chemicals. All chemicals were reagent grade. Uridine diphosphate glucose (UDP-glucose) sodium salt
(= 98%), S-adenosylmethionine (SAM) (> 75%), uridine diphosphate N-acetylglucoseamine (UDP-
GluNAc) sodium salt (> 98%), Guanosine diphosphate mannose (GDP-Man) sodium salt (> 97%), and
farnesyl pyrophosphate (FPP) ammonium salt (> 95%) were purchased from Sigma Aldrich.

Protein overexpression. The gene encoding Thielavia terrestris Viperin (THITE 118376), which was
codon optimized for overexpression in E. coli, was obtained from Life Technologies (Invitrogen, The
Netherlands). A Kpn-I restriction site was introduced after the predicted N-terminal membrane-
anchoring domain (Supplementary Figure 1) without introducing any mutation. To introduce the Kpn-
I site, the codons AAA (K25) and GTT (V26) were replaced by their synonymous codons AAG and
GTC. An EcoR-I restriction site was introduced after the last amino acid of the C-terminus. This gene
was then cloned into pBAD/His-C (Invitrogen) using Kpn-I and EcoR-I restriction sites. The final insert
lacked the N-terminal membrane-anchoring domain and its sequence was confirmed (Baseclear, the
Netherlands). This vector was used to transfect chemically competent NEB 10-beta competent E. coli
cells (New England Biolabs). For overexpression of the protein cells were grown overnight using 25
ml of LB medium containing ampicillin (100 uM) in a shaker (200 rpm) at 37 °C. This pre-culture was
then inoculated into 500 ml of TB-medium. Cells were grown at 30 °C with 145 rpm shaking speed.
After two hours, when the optical density reached approximately 0.5-0.6, expression of protein was
induced by addition of 0.04% L-(+)-Arabinose (final concentration). One hour after addition of L-(+)-
Arabinose 1 ml of 100 mM FeSO4(NHs,), solution was added. The FeSO4(NH4), solution was prepared
in acidic Milli-Q water, pH 2.0. Addition of FeSO4(NH4), was repeated at 1 hour time intervals for a
further seven hours. After 8 hours growth, cells were harvested by centrifugation and were stored at -
20 °C. All steps were performed under aerobic conditions.

Protein purification. Cells were broken using a cell disruptor (constant system) operating at 20 kbar
and were subjected to ultracentrifugation, 25,000 rpm, for 45 minutes. The buffer was 100 mM Tris,
300 mM NaCl, 10 mM DTT, plus DNase and protease inhibitors. The cell-free extract, which contained
soluble proteins, was collected. The solution was kept on ice and subsequent steps of protein
purification were performed at 4 °C. The protein solution was loaded into a his-trap column (5 ml) (GE
Healthcare Life Sciences) using an AKTA chromatography system (GE Healthcare Life Sciences). For
the column two elusion buffers were used: Buffer A was Tris-HCI 20 mM, NaCl 350 mM, pH 7.2,
Imidazol 60 mM, Triton 100X 0.02 (W/v), and 5 mM DTT; Buffer B was Tris-HC] 20 mM, NaCl 350
mM, pH 7.2, Imidazol 750 mM, Triton 100X 0.02 (W/v), and 5 mM DTT. A linear gradient of 0% to
100% B with length of 16.00 (CV) was used. The purified protein was further concentrated using an
Amicon Ultra centrifugal filter (cut-off of 10 kDa). The concentrated protein was subjected to buffer
exchange using a desalting column (PD-10) (GE Healthcare Life Sciences). The final buffer was 100
mM Tris, 300 mM NaCl, 5 mM DTT, pH 7.5. The resulting purified protein was frozen and kept in
liquid nitrogen. Typically more than 50 mg of protein per litter of culture was obtained. For each
experiment the required aliquot of protein was transferred to an anaerobic glove box (Belle, O, < 5.0
ppm). Concentration of protein was determined using Bradford assay.

Activation of enzyme. The purified protein contained iron-sulfur cluster. To fully form the active [4Fe-
4S] cluster, 1 ml of as-isolated protein was transferred into anaerobic glovebox (Belle, O, < 5.0 ppm).
Subsequently, 20 ul ferricyanide (100 mM) was added to the protein and the solution was incubated
overnight at least for 18 hours. Ferricyanide was removed and the protein was buffer-exchanged to 100
mM Tris, 300 mM NaCl, pH 7.5 using a PD-10 desalting column. Formation of the active [4Fe-4S]
cluster was confirmed using electron paramagnetic resonance (EPR) spectroscopy to observe the [4Fe-
481" cluster and by mass spectrometry to observe cleavage of SAM and formation of 5'-dAdoH. Spin
quantification (see below) showed that the ratio of the concentration of [4Fe-4S]'" cluster to that of
protein was approximately 0.7-0.9 depending on the protein preparation. Therefore, approximately 70-
90% of Viperin monomers contained one [4Fe-4S] cluster.

Preparation of samples for liquid chromatography-mass spectrometry (LC-MS) analysis.
Samples were prepared under strict anaerobic conditions (O < 5.0 ppm). For LC-MS analysis
concentration of protein was typically 130-150 uM unless otherwise stated. For accurate mass analysis
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concentration of protein was approximately 1.3 mM. For accurate mass analysis of the reactions in D,O
buffer, the protein and all reagents were prepared in D,O buffer. For LC-MS analysis a sample
containing all components of the reaction, i.e. Viperin, SAM, UDP-glucose, and sodium dithionite was
prepared. In parallel three different control samples were prepared to each of which Viperin, UDP-
glucose, or sodium dithionite was not added. In a separate control sample UDP-GluNAc was added
instead of UDP-glucose. Protein was in 100 mM Tris, 300 mM NaCl, pH 7.5. For preparation of the
control samples when a component of the reaction (Viperin, SAM, UDP, or sodium dithionite) was not
added, an aliquot of the buffer was added to have exactly the same final volume for all the samples.
Stock solution of SAM and UDP-glucose had typically a concentration of 20-40 mM. A small aliquot
of these stock solutions (10-20 ul) was added to reach the desired final concentration. To determine the
time course of product formation and UDP-glucose consumption, 800 pl of Viperin (120 pM) was used
to which 80 ul SAM (20 mM) and 80 ul UDP-glucose (20 mM) was added. 100 pul of each sample was
removed at t= 0 minute, which is before the addition of sodium dithionite to start the reaction, and at
10, 20, 40, 80, 160, and 420 minutes after addition of 20 pl (100 mM) sodium dithionite. At each time
point 100 pl of reaction mixture was removed and was mixed with 100 pl of ethanol (100%) to denature
the protein and quench the reaction. The solutions were then subjected to centrifugation at 13,000 rpm
for 8 minutes to remove the denatured protein. Each solution was transferred to a clean microcentrifuge
tube (Eppendorf) and kept on ice for immediate analysis by LC-MS. Alternatively to quench the
reaction each solution was passed through an Amicon ultra centrifugal filter (3 kDa cut-off). The
temperature inside the glove box was 20 °C.

Determining the kinetic parameters of Viperin. To determine the kinetic parameters of Viperin
different amounts of UDP-glucose (between 0-10 mM) were added to Viperin (5 mg/ml) in the presence
of SAM (2 mM). The reactions were started by addition of sodium dithionite (2.5 mM). Final volume
of the reactions was 0.2 ml. After 60 minutes the reactions were stopped by addition of 1:1 V/V ethanol
to denature the protein followed by centrifugation at 13,000 rpm to remove the denatured protein. The
solutions were immediately used for LC-MS measurements. The concentration of product formed was
determined from the intensity of the LC chromatogram of the product (m/z 818). The amount of product
formed was determined from the amount of UDP-glucose consumed. 200 pl Viperin (400 uM) was
added to a microcentrifuge tube (Eppendorf) followed by addition of 20 ul SAM (10 mM stock), 20 ul
UDP-glucose (1 mM stock), and 2 pl sodium dithionite (100 mM stock). The amount of SAM was 10-
fold more than UDP-glucose to reach near complete consumption of UDP-glucose. After three hours
incubation in the glove box, samples were prepared for LC-MS analysis as explained above. Under
these conditions, we assumed that 100 uM product was formed and thus, the observed intensity of the
LC chromatogram of the product was assumed to represent formation of approximately 100 uM
product. This relationship was then used to determine the concentration of product formed in other
experiments from the intensity of the product peak in the LC chromatograms.

Preparation of samples for NMR spectroscopy and 'H-NMR measurements. All NMR samples
were prepared in the glove box (Belle, O, < 5.0 ppm). Four samples were prepared. A sample containing
all components (Viperin, SAM, UDP-glucose, and sodium dithionite), and three other samples in each
of which UDP-glucose, Viperin, or sodium dithionite was not added. The sample containing all
components of the reaction was prepared by addition of 30 ul SAM (20 mM stock) and UDP-glucose
(30 mM stock) to 300 pl Viperin (400 uM), followed by addition of 15 ul sodium dithionite (100 mM
stock). To prepare the samples in which a component was not added, the buffer (200 mM Mops, 300
mM NaCl, pH 7.0) was added to reach exactly the same final volume as the sample containing all the
components of reaction. Viperin was in 100 mM Tris, 300 mM NaCl, pH 7.5. Five hours after
incubation of the samples in the glove box (temperature around 20 °C), 200 ul D,O was added to each
sample. The solutions were added to 5 mm O. D. NMR tubes. The tubes were tightly closed. The NMR
tubes were then transferred outside the glove box and immediately used for measurements.



sp
sSp
tr
tr
tr
tr
tr
tr

Q8CBBY |RSAD2
Q8WXG1 |RSAD2
AOAOL1J6P4 |A
D6BCQ6 |D6BCQ
F6RDEL | F6RDE
G2QZB1|G2QZB
G3TI77|G3TI7
U9TGB1 |U9TGB

consensus

sp
Sp
tr
tr
tr
tr
tr
tr

Q8CBBY9 | RSAD2
QeWXGE1 ! RrgAD2

XG1|RSAD2
AOAOL1J6P4 |A
D6BCQ6 |D6BCQ
F6RDE1 | FERDE
G2QZB1|G2QZB
G3TI77|G3TI7
U9TGB1 |U9TGB

consensus

sp
sp
tr
tr
tr
tr
tr
tr

Q8CBBY | RSAD2
Q8WXG1 |RSAD2
AOAOL1J6P4 |2
D6BCQ6 |D6BCQ
F6RDEL | F6ERDE
G2QZB1|G2QZB
G3TI77|G3TI7
U9TGB1 |U9TGB

consensus

sp
sp
tr
tr
tr
tr
tr
tr

Q8CBBY9 | RSAD2
Q8WXG1l |RSAD2
AOAOL1J6P4|A
D6BCQ6 |[D6BCQ
F6RDEL | F6RDE
G2QZB1 |G2QZB
G3TI77|G3TI7
U9TGB1 |U9TGB

consensus

sp
sp
tr
tr
tr
tr
tr
tr

Q8CBBY9 | RSAD2
Q8WXG1 |RSAD2
AOAOL1J6P4|A
D6BCQ6 |[D6BCQ
F6RDEL | F6RDE
G2QZB1|G2QZB
G3TI77|G3TI7
U9TGB1 |U9TGB

consensus

sp
sp
tr
tr
tr
tr
tr
tr

Q8CBBY9 |RSAD2
Q8WXG1 |RSAD2
AOAOL1J6P4|A
D6BCQ6 |D6BCQ
F6RDEL | F6RDE
G2QZB1|G2QzZB
G3TI77’G3TI7
U9TGB1 |U9TGB

consensus

HRRERRERRERRRRER

181
180
134
173
180
133
179
152
181

241
240
192
233
240
191
239
210
241

301
300
252
293
300
251
299
270
301

N-terminal hydrophobic domain

ARIMASLFQQQMGSLWSGLAILFCWLRIALGWLDPGKEQPQVRGEPEDTQE

GMLVPTAL

WVLTPAAFIAGKIBAS VFRQPMSSLWRSLVPLFCWLRATFWLLATKRRKQQLVLRGPDETK
LTSLV--IRG- ITTALYIGVQW- - = = - === = = = — — o mm oo oo m e e oo e e e m o — oo
*

AVAA----JAL-IBACVFILIMS - - - - - - - - oo oo oo )
WILVPVAFIAGKIBANVFRQQOMS SMWWTLVPLFFWLKATFWLAGPHRRQQKQQGK - ESKDE
LPFFT--FFA-MIITYIVYNV---ocoommm oo omm oo oo oo FNKKKNKIQC- - SSKKT

QFSSVVASPKLIAQLCISTMHCIMASIISTVCY---- - WTAGACKGTTS-PVPPVDSNL
WVFKPIAFiGKLLSAFRLQLSCVWSSLVSLLLGLRAAFRLAGTESSRHQSRKAAAETRR

o) folel ko) Ry T P\WUS VNYHF TR[)JCNY)dCGFCFHTAKTS FVLERLQ%E
233088 5033 3 MR T DS VNYHF TRGCNYIdCGFCFHTAKTSIAMAD L EI5A Kiz1G L1 iala G Mi

EEEED 3 10):3:40le)T PIIS VNYHF TRIICNYIYCGFCFHTAKTSp4AYP LERAKING LYY
-DQ-RKVQNPMiRZTEAR\NA: S NK (GINR40 (efed Hedp: i y-V G F V LIFAHELNE R[EAAK
ADE[JUIK
*

IR N OF AT PIISVNYHF TROICNYIMCGFCFHTAKTS|AWAP LEDAKING LA
-——-RILVGAKVPVSVNYHFTRQCNKSCGFCFHTAﬂTSHIENLERQQAALR
KQE -AKEDLP TR TEAZIRNS: § 4 0N0O (G 4K [efed Ned 3 WV G F V LI AHELV YR (€A1,
ENI-LSQNNKKVIJLERSRS:SRPIK [GIR4E [efedyed G-V G|V L AJYTIHDLVES (AR K

Lk kkkkkkhkk Kkk  kkkkkkkk Kkk ok *

IAF CKIGALIALIdS VS IVSNGSHIIIEIASR @] V(e}V LDILAIS
IAF CK\ALEILIES VS IVS NG ST IIEI el V(e}V LDILAIS
KIFSYEDIAQ T EARRRAYTINMEIR L TK S F L. S TG KNI R TVAV]

Jkk ok

LESAT GRG{O]GIO\H V)
29I GRG{O]GI:O\H V)

HE{K A

(0}:4:3:1W C Rip] Y|V)\F K I NJVEIN R F N\as]E D MIY(
(0}:4M:3:1W C RpJY)IVENF K I NEJVEIN R F N\#HE D MyyE (o] T1:9:
ITRISEL[MVQHGIKIPALNT\YVIEIBNF DIAsIIINA SIAK
HKIRNWCQQiKiAFKINSVINﬂFNMDEDMT PI{TQ

QLAgIAT Q[ERK S|:4GD
V291 GR Glo|GLESYH V[e)N L o} 4 H:¥xw C RINY|JVIF K T NJVRIN R F N\#2{E D MIJE(0] TN
vARRelelsfeD - - Q YQ I AELSIATHGYL iR T\Y VISV 2o} SN A HiiA A
v Life)¥elolelk K NEAYE QKLRKWCRDYRVAFKINSVINRFNVEEDMNEQIRA

14T GRGyGIE SDISRUSNEF GIKIPYLNT\YVIIA YRIK S|Hs)UINIHNE§L K
*

* *kk | k| .. L *

LEJPIYRWKYF QLIMEE GE NS GIH¥AL RINAINR FIA I SINEE F E jiy
NPWYRWKWYF QL IMIE G EN{GGIHFAL RIHAIFR F\YI[¢DEEF E)J

*k ok Kk Kk Kk kk*

18R Hi@AMIC L VP E S N[o}d
LERE(KEVS[GRPIFIIOK
CK T);{AHNK{SF I AjfJYK V|

IR HEFBNIC L VP E S i M)
IB:R HI@AFICL VP E S N{o}

CER¥:(RGQASARIHAPINR LIUA
IR HIGAFIC L VP E S N{o}d

L
INPFRWKCFQVLIVEEENDSSDTLRDARKFTITDEEYDL
LINPWRWKYF Q&L IMNs]G E NENGIHHAL RIJAINR F| ISDQ!FQE
LIPWRWK\YF Q[ELINIE GE NIAG|H¥AL RIJAIYR FIRIEIDEE FE(e
IARIZFIAMACIFOIVIAT VR[EIHD SD E T)RINEVHEIY T EY SIFHHBHA
LIPWRWKWYF Q[ELIMAE GE NEIGIg)AL RIJAINR FYIEIDEE FEfe
IWAPIIRWK(SF QWL IRAE W E N{e/G

i

ZORUOZnoU

E G TIIDINRE|YVV TBjQIRPHE

cc**-

*-*-

Supplementary Figure 1. Viperin is conserved from fungi to humans. The figure shows multiple
amino acid sequence alignment of Viperin from eight different species. Multiple sequence alignment
was performed using T-COFFEE online tool, and BoxShade online tool was used to prepare the figure.
The amino acid sequences of Viperin from eight species are compared, from top to bottom: Mus
musculus, human, Siniperca obscura, Loxodonta africana, Equus caballus, Thielavia terrestris,
Rhizophagus irregularis, and Aspergillus nomius. The highly variable N-terminal hydrophobic domain
is predicted to be a membrane anchor (from analysis using the DAS-TMfilter server). Orange circles
mark the highly conserved cysteine residues of the conserved CxxxCxxC motif. Blue circles mark the
conserved GGE motif of the SAM binding pocket.
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Supplementary Figure 2. After activation the purified Viperin contains a functional [4Fe-4S]
cluster. (A) An SDS gel showing the purified fungal Viperin with molecular mass of approximately 37
kDa. (B) After purification the protein was activated (supplementary methods). The EPR spectrum of
the [4Fe-4S]'" cluster in fungal Viperin has the same g values as those of the EPR spectrum of the [4Fe-
481" cluster of human Viperin. (C) The LC chromatogram of formation of a product [M+H] with a m/z
of 252.1 upon addition of SAM and sodium dithionite (SD) to Viperin. Samples were incubated for 10
minutes under anaerobic conditions and subsequently were used for LC-MS analysis. (D) Accurate MS
analysis of the product of the cleavage of SAM (C) in the absence of substrate confirmed formation of
5’-dAdoH (m/z 252.1096 for [M+H]). The observed MS spectrum of the product in the LC
chromatogram (C) is the same as the predicted MS spectrum of the [M+H] for 5°’-dAdoH.
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Supplementary Figure 3. Different components of the reaction were detected by LC-MS. From
top to bottom: The LC chromatogram for total ion count (TIC), that of [M+H] for 5’-dAdoH with m/z
of 252.10, that of [M+H] for SAM with m/z of 399.14, that of [M+H] for methionine with m/z of
150.06, and that of [M-H] for UDP-glucose with m/z of 565.05. Measurements were performed 160
minutes after addition of sodium dithionite to a solution containing SAM, Viperin, and UDP-glucose.
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All of the components of the reaction were eluted within 2 minutes because of their high polarity.
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Supplementary Figure 4. The amount of 5'-dAdoH produced in the presence of UDP-glucose was
less than that in the absence of UDP-glucose. LC chromatograms of 5'-dAdoH product (M+H) with
m/z 0f252.10 in positive ion electrospray ionization mode. Chromatograms were recorded for a sample
in which SAM and sodium dithionite were added to the fungal Viperin (green trace) and for a sample
in which SAM, UDP-glucose, and sodium dithionite were added (purple trace). The results show that
when UDP-glucose was added to a mixture of Viperin, SAM, and sodium dithionite (purple) the amount
of 5'-dAdoH produced was less than that when UDP nm-glucose was not added to a mixture of Viperin,
SAM, and sodium dithionite (green) . UDP-glucose was added in the presence of 2-fold excess SAM
(2 mM final concentration) to Viperin (100uM). The reaction was started by addition of sodium
dithionite (500 uM final concentration). After 3 hours a sample was prepared (Methods) for LC-MS
analysis.



A TtV+SAM+UDP-glucose + Sodium dithionite

_,A R 160 min
Py

@ A . 80 min
&

=3 20 min

. 0 min

1 3 5 7 9

Retention time (min)

B C

TtV + SAM + Sodium dithionite

UDP-Glu + SAM + Sodium dithionite
) 160 min % 160 min
> 80 min % A 80 min
B " e
= [0}
& s .
£ . 20 min = . 2 20 min
. 0 min = 0 min
1 2 3 45 6 7 8 9 1 2 3 4 5 6 7 89
Retention time (min) Retention time (min)

Supplementary Figure 5. The amount of product formed increases as a function of time. (A) The
LC chromatograms of the product [M+H] with m/z of 818.1 in positive ion electrospray ionization
mode. The reaction was stopped at different time points after addition of sodium dithionite to a solution
containing Viperin (137 uM), UDP-glucose (1 mM), SAM (ImM) and sodium dithionite (2 mM). (B-
C) The LC chromatograms show the absence of the product [M+H] with m/z of 818 in two control
samples: (B) a control sample in which Viperin was absent, and (C) a control sample in which UDP-
glucose was absent. Samples were prepared before addition of sodium dithionite (t=0 minute) and at
different time points after addition of sodium dithionite.
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Supplementary Figure 6. Consumption of UDP-glucose by Viperin follows simple
Michaelis-Menten kinetics. (A) The amount of product formed as a function of time is
consistent with the amount of UDP-glucose consumed as a function of time. Concentration of
UDP-glucose was 1 mM and that of SAM was 2 mM. Sodium dithionite was added to a final
concentration of 2 mM. (B) The specific activity of enzyme was plotted as a function of the
amount of UDP-glucose added. The amount of product formed was estimated from the intensity
of the LC chromatogram of the product [M+H] with m/z of 818, as explained in experimental
procedure. The fit to the data is obtained using Michaelis-Menten kinetic model with no
cooperativity or substrate/product inhibition. Enzyme activity assays were performed at room
temperature. Concentration of enzyme was approximately 5 mg/ml. Concentration of SAM was
2 mM and the reaction was started by addition of sodium dithionite (final concentration of 2.5
mM). Final reaction volume was 0.2 ml. Reactions were incubated at room temperature. Data
are average of two measurements =+ errors.



Supplementary Figure 7. Comparison of the structure of fungal Viperin obtained by
structural homology modeling with the X-ray crystal structure of mouse Viperin. (A) The
predicted structure of fungal Viperin. The structure was modelled based on the structure of
mouse Viperin (PDB Code: 5VSL). (B) The X-ray crystal structure of mouse Viperin (PDB
Code: 5VSM).
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