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ABSTRACT

The highly conserved H3 poxvirus protein is a major target of the human antibody response against poxviruses and is likely a
key contributor to protection against infection. Here, we present the crystal structure of H3 from vaccinia virus at a 1.9-A resolu-
tion. H3 looks like a glycosyltransferase, a family of enzymes that transfer carbohydrate molecules to a variety of acceptor sub-
strates. Like glycosyltransferases, H3 binds UDP-glucose, as shown by saturation transfer difference (STD) nuclear magnetic
resonance (NMR) spectroscopy, and this binding requires Mg>*. Mutation of the glycosyltransferase-like metal ion binding mo-
tif in H3 greatly diminished its binding to UDP-glucose. We found by flow cytometry that H3 binds to the surface of human cells
but does not bind well to cells that are deficient in surface glycosaminoglycans. STD NMR experiments using a heparin sulfate
decasaccharide confirmed that H3 binds heparin sulfate. We propose that a surface of H3 with an excess positive charge may be
the binding site for heparin. Heparin binding and glycosyltransferase activity may be involved in the function of H3 in the poxvi-
rus life cycle.

IMPORTANCE

Poxviruses are under intense research because of bioterrorism concerns, zoonotic infections, and the side effects of existing
smallpox vaccines. The smallpox vaccine using vaccinia virus has been highly successful, but it is still unclear why the vaccine is
so effective. Studying the antigens that the immune system recognizes may allow a better understanding of how the vaccine elic-
its immunity and how improved vaccines can be developed. Poxvirus protein H3 is a major target of the immune system. The H3
crystal structure shows that it has a glycosyltransferase protein fold. We demonstrate that H3 binds the sugar nucleotide UDP-
glucose, as do glycosyltransferases. Our experiments also reveal that H3 binds cell surface molecules that are involved in the at-
tachment of poxviruses to cells. These structural and functional studies of H3 will help in designing better vaccines and thera-
peutics.

mallpox is a highly contagious disease caused by variola virus,

a member of the Orthopoxvirus genus in the Chordopoxvirinae
subfamily of the Poxviridae family. Smallpox has a mortality rate
of >30%, and few specific treatments other than vaccination exist
(1). Vaccinia virus, also in the Orthopoxvirus genus, was used for
mass vaccination against smallpox by the World Health Organi-
zation (WHO) and is considered the model vaccine, as its efficacy
led to the eradication of smallpox (2). Routine vaccination against
smallpox worldwide ended in 1980. As it is highly contagious and
often fatal, smallpox is considered a potential bioterrorism agent.

After smallpox vaccination, immunity is effective for many
years, but how long protective immunity lasts is not clear (3).
Persons who were vaccinated before 1980 may have inadequate
immunity against variola virus and hence may be susceptible to
infection. People who were never vaccinated are highly vulnerable
to smallpox (4). Since the smallpox vaccine contains live vaccinia
virus, it can cause secondary effects. In immunocompromised in-
dividuals, these effects can be life threatening. A better smallpox
vaccine that has fewer side effects is needed (5).

Some of the members of the Orthopoxvirus genus are zoonotic
and have recently caused poxvirus infections in humans, with lit-
erature reports describing outbreaks of monkeypox (6), cowpox
(7), buffalopox (8), volepox (9), and vaccinia (10). Orthopoxvi-
ruses are immunologically cross-reactive and can be cross-protec-
tive (11). Interest in poxvirus research is high due to the threats of
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bioterrorism, the side effects of the existing smallpox vaccine, and
frequent zoonotic infections. Many research groups have focused
their efforts to identify new vaccine strategies and to develop an-
tipoxvirus therapeutics (12).

Vaccinia virus is a large, complex virus that replicates entirely
in the cytoplasm and carries a linear double-stranded DNA, which
carries >>200 genes (13). Vaccinia virus has two infectious forms,
the intracellular mature virion (MV) and the extracellular envel-
oped virion (EV). Each form displays a distinct set of proteins on
its surface, which can be targets of antibody responses during vac-
cination (14, 15). The MV is the most abundant and stable virion
form, and many of its surface proteins (L1, A27, A17, H3, and D8)
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have various roles in virus infectivity through the process of entry
and/or fusion, and they are important targets for neutralizing an-
tibodies (15-17). The EV differs from the MV in having an addi-
tional membrane, which is fragile and can be lost, thus exposing
the MV surface. H3 has been shown to be a direct target of neu-
tralizing antibodies in humans immunized by the smallpox vac-
cine (18). Previous studies showed the production of strong im-
mune responses to H3 in mice and rabbits (17, 19).

Vaccinia virus H3 is an immunodominant antigen, containing
324 amino acid residues encoded by the H3L gene, that is ex-
pressed late in infection and found as a membrane protein on the
surface of MV particles. H3 inserts into MV membranes post-
translationally and is tethered by a hydrophobic membrane-span-
ning region near its C terminus (20). H3 homologs are present in
both the Chordopoxvirinae and Entomopoxvirinae subfamilies of
the Poxviridae family (21). The role of the H3 protein in the virus
is not clear. Previous studies have shown that vaccinia virus can
attach to cells by binding to cell surface glycosaminoglycans
(GAGs) using the H3, A27, and D8 proteins. H3 and A27 were
reported to bind to heparan sulfate and the surface of cells (22,
23). D8 was shown to bind to chondroitin sulfate (24). Mutant
vaccinia viruses that do not express H3 are less infectious, form
small plaques, have low MV and EV titers, and have a defect in
virus morphogenesis (22, 25).

Sera from humans vaccinated with the vaccinia virus vaccine
recognized H3 as a dominant antigen in the human antibody re-
sponse (26). H3 is likely a key contributor to protection against
poxvirus infection and disease. In animal models, treatment with
antibodies against both H3 and the EV antigen B5 has better effi-
cacy against vaccinia virus infection than treatment with individ-
ual monoclonal antibodies (MAbs) or vaccinia virus immune
globulin antiserum (27).

Here, we report the crystal structure of the H3 protein together
with the binding of H3 to UDP-glucose and heparin sulfate. We
discuss the implications of the structure and consider the role of
H3 in poxviruses. The structure suggests other potential functions
of the H3 protein and can help in designing new antipoxvirus
therapeutics and better vaccines.

MATERIALS AND METHODS

Cloning and mutagenesis. We generated the H3 expression construct of
residues 1 to 282 (GenBank accession no. AAO89380.1) by PCR using the
5" primer TTGTTGAATTCTAAGGAGGANATTCATATGGCGGCGGC
GAAAACTCCTG, the 3’ primer GATCCTCAGCGGCCGCTCAAAATG
AAATCAGTGGAGTAGTAAACGC, and vaccinia virus DNA from the
Western Reserve (WR) strain. The H3L gene has been given the locus
name VACWRI101 or VACV101. The PCR products were ligated into the
vector pNAN by using the Ndel and NotI restriction sites (28). Mutants
were constructed by using standard site-directed mutagenesis techniques.
The E125A mutant was produced with the 5" primer GTTATTGTAGCG
AACGATAACGTTATTG and the 3" primer CAATAACGTTATCGTTC
GCTACAATAAC, and the D127A mutant was produced with the 5’
primer GTTATTGTAGAAAACGCGAACGTTATTG and the 3’ primer
CAATAACGTTCGCGTTTTCTACAATAAC. A version of H3 with a C-
terminal 6 XHis tag was produced for use in the flow cytometry experi-
ments. Before protein expression, all constructs were confirmed by DNA
sequencing.

Expression, refolding, purification, and characterization. The H3
plasmid was transformed into either Escherichia coli BL21-Codon-
Plus(DE3)-RIL cells for native protein expression or BL21-Codon-
Plus(DE3)-RIL-X cells (Stratagene, La Jolla, CA) for selenomethionine
(SeMet) incorporation. Cells were grown at 37°C in 6 liters of LB medium
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or selenomethionine medium (Molecular Dimensions, Apopka, FL) con-
taining 100 pg/ml ampicillin. L-SeMet (50 mg/liter) (Sigma, St. Louis,
MO) was added to SeMet medium. The culture was induced with 1 mM
isopropyl-B-p-thiogalactopyranoside at an optical density at 600 nm
(ODgqp) of 0.6 to 0.8 for 4 to 6 h to produce insoluble H3 protein as
inclusion bodies. The cells were harvested by centrifugation at 4,000 X g
and resuspended in 100 ml of lysis buffer (100 mM Tris-Cl [pH 8.0], 150
mM NaCl, 1% [vol/vol] Triton X-100, and 1% [wt/vol] sodium deoxy-
cholate). Cells were lysed in the presence of lysozyme (1 mg/ml) by re-
peated freezing and thawing.

H3 inclusion bodies were purified by multiple rounds of centrifuga-
tion, homogenization, washing, and suspension using lysis buffer without
detergent. The final pellet of inclusion bodies was dissolved in a solubili-
zation buffer consisting of 50 mM Tris-Cl (pH 8.0), 6 M guanidine-HCI,
1 M urea, and 2 mM dithiothreitol (DTT) and then centrifuged at
14,000 X g for 10 min to remove any undissolved material. Purified H3
inclusion bodies were refolded by rapid dilution at 4°C in 1 liter of buffer
containing 50 mM Tris-Cl (pH 8.0), 50 mM NaCl, 500 mM arginine-HCI,
2 mM EDTA, 40 mM sucrose, 2 mM DTT, and 5 mM cystamine-HCl
(CAS 51-85-4). After refolding for 12 to 15 h, cystamine-HCI (50 mM)
was added and allowed to react with free cysteines for 30 min. Refolded H3
protein was then dialyzed two times for 24 h each against 12 liters of 20
mM Tris-HCl (pH 8.0). After dialysis, H3 protein was filtered through a
0.22-pm filter membrane with a 10-kDa-molecular-mass cutoff and pu-
rified by using a HiTrap Sepharose Q ion exchange column. High-quality
H3 protein was obtained from a Superdex-75 column, dialyzed against 10
mM Tris-HCI (pH 7.5) at 4°C, and concentrated in a centrifugal filter
device (Centricon YM10; Millipore, Billerica, MA) to 8 mg/ml. The extent
of SeMet incorporation was determined by mass spectrometry. H3 mu-
tants E125A and D127A were produced without SeMet under the same
conditions and were concentrated to 8 to 10 mg/ml. Proteins were >95%
pure as assessed by SDS-PAGE.

Crystallization and structure determination. After exhaustive screen-
ing of numerous combinations of crystallization screens and additives, a
single crystal with cell dimensions of a = 42.36, b = 54.79,and ¢ = 111.99
that belonged to space group P2,2,2, (Table 1) was obtained by vapor
diffusion in a hanging drop by mixing 1 pl of protein and 1 pl of precip-
itant and equilibration against a screen with a precipitant (500 1) con-
taining 100 mM citric acid (pH 4.0), 10 to 20% polyethylene glycol 6000,
5% 1,3-propanediol (Pdo), and 0.5% of a mixture of low-molecular-
weight alcohols. This crystal was used to collect a native data set to 1.9 A.
Subsequent soaking of this irradiated crystal with several heavy atoms did
not produce a usable heavy atom derivative.

Attempts using the same crystallization conditions to obtain addi-
tional native crystals that belonged to the same space group were unsuc-
cessful. Crystals grew, but they were smaller, belonged to space group
C222,, and diffracted to a considerably lower resolution. Attempts to
obtain a heavy atom derivative in this new space group were unsuccessful.

A SeMet H3 protein was produced, and multiple plate-like crystals
were grown under similar conditions. The SeMet crystals diffracted to 3.5
A at best and belonged to space group C222,. The SeMet crystals were
used to collect data at the peak, edge, and remote Se energies. All X-ray
data sets were integrated and scaled by using HKL2000 (29) or XDS (30).
A multiple-wavelength anomalous diffraction (MAD) experiment was
performed to obtain experimental protein phases using SOLVE/
RESOLVE (31). Density modification and automated model building
were performed by using the RESOLVE software program (32).

Of the seven methionines in the H3 sequence, only four produced
relatively high Patterson peaks from the C222, X-ray data and were used
in SOLVE to yield a figure of merit of 0.52. RESOLVE generated several
contiguous stretches of protein chain, and manual building extended the
model into the solvent-flattened MAD electron density map by using the
program O (33). After several cycles of manual model building into new
electron density maps, calculated by phase combination using SIGMAA
and by the application of SOLVE/RESOLVE, no further improvement of
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TABLE 1 Data collection and refinement statistics

Parameter Value(s) for native H3“

Data collection statistics

Space group P2,2,2,
Cell dimensions
a, b, c(A) 42.36, 54.79, 111.99
Resolution (A) 49.22-1.90
Iol 18.54 (1.95)
Completeness (%) 99.8 (99.6)
Redundancy 4.79
Refinement
Resolution (&) 49.22-1.90
No. of reflections 21,213
Ryori/ Revee 19.73/24.00
No. of atoms
Protein 1,652
Ligand 103
Water 91
Mg** 1
B-factor
Protein 32.59
Ligand/ion 41.16
Water 38.40
Mg+ 34.50
Root mean square deviation
Bond length (A) 0.008
Bond angle (°) 1.089

“Values in parentheses are for the highest-resolution shell.

the model could be achieved. The partial model was refined by using CNS
(34) and used as a search model for obtaining a molecular replacement
solution in the 1.9-A native P2,2,2, data set. There is one H3 molecule in
the asymmetric unit. Multiple cycles of refinement with stepwise increases
in the resolution using CNS and the program O for manual model build-
ing produced the final model (32, 35). All structural figures were pro-
duced with PyMOL (PyMOL molecular graphics system, version 1.7.4;
Schrédinger, LLC).

Preparation of NMR samples. Protein nuclear magnetic resonance
(NMR) samples in D,O were prepared by lyophilization of the H3 protein
in a buffer containing 20 mM sodium phosphate at pH 6.9 and 50 mM
NaCl. The samples were lyophilized three times in 50 wl D,O (99.96%
deuterium; Cambridge Isotope Laboratories, Inc., Andover, MA) and
subsequently dissolved in 600 pl D,O. Control NMR samples of ligands in
the absence of protein were prepared in the same manner. NMR samples
containing mixtures of protein and ligand were prepared by the addition
of small volumes of a concentrated ligand solution in D, O to the protein
NMR sample. Protein-to-ligand molar ratios of either 1:500 (3 uM-1.5
mM) or 1:100 (6 puM—600 wM) were used for binding studies of nucleo-
tide sugars or a heparin sulfate fragment, respectively. The heparin sulfate
fragment (catalog no. GT-8051; Neoparin, Inc., Alameda, CA) used in this
study was a decasaccharide, -[4-GlcA-4GIcNAc-1-];, containing five re-
peats of GlcA (glucuronic acid) and GlcNAc (N-acetylglucosamine). UDP
and CMP were obtained from Sigma-Aldrich. All of the nucleotide
diphospho-sugars used for the study, UDP-Glc (glucose), UDP-GIcNAc,
UDP-Gal (galactose), and UDP-GalNAc (N-acetylgalactosamine), were
obtained from Calbiochem. NMR binding studies with nucleotide sugars
were performed in the presence and in the absence of MgCl,.

STD NMR spectroscopy. One-dimensional (1D) saturation transfer
difference (STD) NMR experiments are based on the intermolecular
transfer of saturation (magnetization) from a protein to a bound ligand,
giving rise to intensity attenuation of ligand protons at the protein-ligand
binding interface, in cases where the exchange between the free and bound
states of the ligand is fast on the NMR relaxation time scale. Practically, the
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transfer process can be achieved by saturating selected protein resonance
with a cascade of Gaussian soft pulses. The magnetization propagates
rapidly to all other protein protons as well as to protons of the bound
ligand via dipolar interaction ("H-'H cross-relaxation pathway, also
called spin diffusion), with the effectiveness having a distance dependence
of 1/r°. Subsequently, the bound ligand molecule dissociates back into
solution, where the saturated state persists due to its low spin-lattice re-
laxation rate constants. For a duration equal to the length of the radiofre-
quency saturation pulse, additional fresh ligand exchanges on and off the
protein, thus increasing the population of saturated free ligand molecules
in solution. The STD effects are detected as the difference of the saturated
(attenuated) ligand resonance intensities from those of the corresponding
reference ligand intensities in a spectrum that is acquired with off-reso-
nance irradiation. The off-resonance spectrum results in no protein sat-
uration and is acquired under identical conditions to avoid experimental
inconsistencies and radiofrequency-induced sample temperature change.
The resulting STD spectrum yields only ligand resonances that have ex-
perienced saturation as a result of their binding to the protein.

STD NMR experiments were performed at 15°C, 25°C, and 35°C on a
Bruker Avance DRX 500-MHz NMR spectrometer equipped with a cryo-
probe. A temperature of 15°C proved to be optimal. Spectra were re-
corded with 1,024 scans and selective saturation of the protein with a
series of 40 Gaussian-shaped pulses of 50 ms with a 1-ms delay between
pulses for a total saturation time of 2.04 s, as described previously (36). To
ensure adequate saturation of the protein and to avoid potential subtrac-
tion artifacts, we obtained STD NMR data for control samples of free
ligand, free protein, and their complex, optimizing the on-resonance fre-
quency at —0.15 ppm; the radiofrequency power level for selective irradi-
ation (yB,/2 m = 50 Hz); and the protein-to-ligand molar ratios as de-
scribed above. Background protein resonances were partially suppressed
by the application of a T, filter with a 30-ms spin-lock pulse with a field
strength, yB,/2 , of 4,960 Hz. The free induction decays with on- and
off-resonance saturations at —0.15 ppm and 50 ppm, respectively, were
collected in an interleaved manner to compensate for the effects of tem-
perature and instrument instability. Data were processed and analyzed by
using Bruker TopSpin software (Bruker Biospin Corp., Billerica, MA).
The STD NMR spectrum was obtained by subtraction of the reference
spectrum collected by using off-resonance irradiation from the saturated,
or on-resonance, spectrum.

The STD NMR data for the UDP-Glc binding study were acquired
without suppressing the large resonance from water, because such sup-
pression can sometimes saturate the ligand resonances that are being mea-
sured. In our experiments, we obtained similar data with water suppres-
sion, which was achieved by the application of the 3-9-19 water
suppression by gradient tailored excitation (WATERGATE) pulse train.
All of the data were used to optimize the STD experimental parameters.
No effects on the STD signals were observed as a result of varying the
length of the protein saturation time (2 s versus 4 s) or the selective fre-
quency for protein saturation (0.15 ppm, 0.65 ppm, and 6.75 ppm). Al-
though the application of the WATERGATE pulse train resulted in excel-
lent suppression of the water signals, the intensities of some ligand
resonances near the water line were partially saturated. Partial saturation
of the corresponding resonances was also observed in the 1D NMR data.

Binding of H3 to heparin sulfate on the surface of CHO-K1 cells.
Protein binding to GAGs expressed on the surface of Chinese hamster
ovary K1 (CHO-K1) cells (American Type Culture Collection [ATCC],
Manassas, VA) was carried out by using flow cytometry as described pre-
viously (37). Control cells were CHO-745 cells (ATCC), which are defi-
cient in the biosynthesis of heparin sulfate and other GAGs (38). H3
protein (5 uM) was incubated for 30 min with ~1 million cells (100 ) at
room temperature. Upon completion of incubation, cells were washed
three times in fluorescence-activated cell sorter (FACS) buffer and treated
with anti-His MAb (MAB050; R&D Systems, Minneapolis, MN) for 30
min at 4°C. The cells were washed twice in phosphate-buffered saline
(PBS) and incubated further with Alexa 488-labeled goat anti-mouse IgG
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FIG 1 H3 structure shown in ribbon and topology diagrams. (A) Two views of H3 in which the helices are red and the strands are blue. The right-hand view is
rotated 90° from the left-hand view around the vertical axis. The boundaries of the disordered loop (“34” and “60”) are indicated. Residues 4 to 34 and 60 to 240
are shown (see the text for details). (B) Topology diagram showing the nine-stranded beta sheet (pink) and the helices (red). Numbers at the ends of a
secondary-structure element are the locations of the helix or strand termini in the H3 sequence. The N and C termini are identified.

(100 pl) (catalog no. A11029; Invitrogen, Carlsbad, CA) diluted 1:250 in
FACS buffer. After 30 min of incubation, the cells were washed, resus-
pended in 200 pl FACS buffer, and analyzed by using a FACSort cytom-
eter (Becton Dickinson). All incubations and washing steps were per-
formed at 4°C. Events (75,000) were acquired by using CELL Quest
software (version 3.3; Becton Dickinson), and Flow]Jo software (version
6.4.1; Tree Star, San Carlos, CA) was used to analyze the data from the
live-cell gating.

Protein structure accession number. The H3 coordinates and X-ray
data have been deposited in the Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank (PDB) under accession no.
5EJO.

RESULTS

Overall structure and topology of H3. The crystal structure of the
H3 protein encoded by the vaccinia virus H3L gene revealed a
mixed B/a/B-fold comprised of a nine-stranded B-sheet flanked
by a-helices (Fig. 1A). The nine-stranded B-sheet is made up of
strands in the order B6, B7, B9, B5, B8, B4, B1, B3, and B2, and all
of the strands except 37 and B8 are oriented parallel to each other
(Fig. 1B). The H3 structure includes residues 4 to 34, residues 60 to
240, and an Mg>* ion. The H3 protein contains two cysteines,
Cys86 and Cys90, that are not disulfide bonded. As is frequently
observed, the N-terminal methionine residue was removed by
bacterial enzymes during expression. Residues 35 to 59 and 240 to
281 were not located in the electron density, presumably because
they were disordered in the crystal. Mass spectrometry deter-
mined that the mass of purified H3 was 30,339 Da, smaller than
the expected mass of 32,476 Da (281 residues). However, a
30,330-Da H3 protein that resulted from proteolytic cleavage after
residue 262 could explain the lack of electron density from resi-
dues 263 to 281. The highly purified H3 protein migrated as a
single band of ~30 kDa on SDS-PAGE gels and appeared to be a
monomer during size exclusion chromatography.

H3 has a glycosyltransferase protein fold. Searches of the
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structure database with the DALI (39) and the PDBeFold (40)
servers returned lists of structurally similar proteins that are
known or proposed to be glycosyltransferases (GTs) of the GT-A
group. Like H3, the typical topology of the GT-A family displays a
central twisted B-sheet of 6 to 10 strands that is surrounded with
helices on both sides of the B-sheet. The top Z value of 11.6 in
DALI was rabbit N-acetylglucosaminyltransferase I (PDB acces-
sion no. 1FO9) (41), with a root mean square deviation (RMSD)
of 3.3 A for 170 structurally aligned a-carbons. The second highest
Z value was 9.7 for the putative viral glycosyltransferase A64R
from Paramecium bursaria chlorella virus 1 (PBCV-1) (PDB ac-
cession no. 2P6W) (42), with an RMSD of 3.3 A over 155 a-car-
bons (Fig. 2A). Another viral protein, the putative glycosyltrans-
ferase A197 protein from Sulfolobus turreted icosahedral virus
(PDB accession no. 2CON) (43), was similar to H3, with a Z value
of 9.3 and an overall RMSD of 3.0 A over 141 a-carbons.

Conserved carboxylates coordinate a cation. Glycosyltrans-
ferase sequences exhibit conserved residues that are involved with
their enzymatic activity. Many glycosyltransferase sequences con-
tain a sequence motif of an Asp or Glu residue followed by an Asp
residue 2 residues away (D/ExD motif) (Fig. 3A). The D/ExD mo-
tif contributes to the coordination of the divalent cation of the
nucleotide sugar. In the PBCV-1 A64R structure, the D/ExD motif
interacts with the bound Mn?" ion and UDP-glucose (42). In H3,
the D/ExD motif coordinates an Mg " ion that is located within
1.0 A of the Mn** ion in A64R (Fig. 2B). The D/ExD motif is
conserved in most members of the GT-A family and in all H3
homologs, even in those like canarypox virus H3, with only 30%
sequence identity. In H3, oxygen atoms from the D/ExD motif
residues Glu125 and Asp127 coordinate an Mg " ion. The Mg*"
ion is also coordinated by Ser186, by a water molecule, and by a
molecule of 1,3-propanediol from the buffer (Fig. 3B).

Binding studies using H3 for STD NMR spectroscopy. As gly-
cosyltransferases generally use nucleotide diphospho-sugars as
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FIG 2 Comparison of H3 and the PBCV-1 protein A64R. (A) Structural superimposition of H3 (red) and the PBCV-1 protein A64R (gray). (B) Closeup view
of the metal coordination site in the superimposition. The Mg®" ion of H3 (red) is close to the Mn>" ion of A64R (gray). H3 residues E125 and D127 are the

“E/DxD” motif.

monosaccharide donors, we tested several nucleotides and nucle-
otide sugars as potential H3 protein binding ligands: UDP, UDP-
Glc, UDP-GIcNAc, UDP-Gal, UDP-GalNAc, and CMP. Of the
above-mentioned ligands, only UDP-Glc led to significant STD
enhancements, which were observed only in the presence of Mg* ™"
(Fig.4). Preliminary STD NMR experiments were performed with
and without Mg>*, using several protein-to-ligand molar ratios
(1:50, 1:100, 1:300, 1:500, and 1:1,000) and three temperatures
(15°C, 25°C, and 35°C). A protein-to-ligand molar ratio of 1:500,
i.e., 3 uM H3 and 1.5 mM UDP-Glg, in the presence of 1.5 mM
Mg>" at 15°C was optimal for observing STD signals from UDP-
Glc (Fig. 4D).

The observed STD resonances show that all UDP-GIlc protons

A

5EJO 119
1FO9 205
2p72 72
2Y4L 94
2CON 55
2vs3 219
1G9R 97
10MX 145
1FGX 246

EYVVIVENDNVIE H3
PAAVVVEDDLEVA GnT1
EWFLWLDSDVYVN A64R
ERIHFYDADITSF MGS
DTLAFLDEDVVPI A197
DFLFCMDVDQVFQ a3GT
DKVLYLDIDVLVR LgtC
NAVLMVDDDTLIS EXTL2
NCFVFSDVDLIPM B4GalTl

Moh

experienced some degree of saturation, which indicates that the
entire ligand is bound to the H3 protein (compare Fig. 4A and D).
Note that the glucose spectral region is ~3.2 to 4.6 ppm, with the
ribose and uracil proton resonances further up-field. The assigned
chemical shifts shown in Fig. 4A for UDP-GIc protons as displayed
in the 1D NMR spectrum were confirmed by two-dimensional
(2D) total correlation spectroscopy (TOCSY) NMR experiments
(data not shown) and are consistent with previously reported as-
signments for UDP-Glc (44). Comparison of the STD data with-
out Mg®>" (Fig. 4B) with the STD data that were acquired with
various concentrations of Mg®" (Fig. 4C to E) reveals the strong
Mg** dependence of UDP-Glc binding to H3. At an Mg>* con-
centration of 1.5 mM, equal to the UDP-Glc concentration, bind-

Ser 186

Glu 125

Asp 127

FIG 3 The E/DxD motifs of H3 and glycosyltransferases involve a cation. (A) Sequence alignment of the motif comparing H3 with glycosyltransferases under
PDB accession no. 1FO9 (45) (rabbit GnT 1), 2P72 (42) (PBCV-1 A64R protein), 2Y4L (64) (MGS [mannosylglycerate synthase] ), 2CON (43) (Sulfolobus turreted
icosahedral virus [STIV] A197),2VS3 (65) (bovine a3GT [a-1,3-galactosyltransferase]), 1GIR (66) (LgtC [Neisseria meningitidis a-1,4-galactosyl-transferase]),
10MX (67) (EXTL2 [a-1,4-N-acetyl-hexosaminyltransferase]), and 1FGX (68) (bovine 34Gal-T1 [B-1,4-galactosyl-transferase 1]). (B) Coordination (laven-
der) of the bound Mg>™" ion (green) through Glu125, Asp127, Ser186, and two buffer molecules, 1,3-propanediol (Pdo) and methanol (Moh). Carbon (black)
and oxygen (red) atoms are shown.
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FIG 4 Vaccinia virus H3 protein binds UDP-glucose and requires Mg**. (A) 1D 'H NMR spectrum of UDP-glucose (UDP-Glc) in the presence of the H3
protein, at a protein-to-ligand molar ratio of 1:500 (3.0 pM-1.5 mM). UDP-Glc protons, with glucose (G), ribose (R), and uracil (U) subscripts, are identified
on the spectrum and on the UDP-Glc chemical structure (inset). (B) No STD effects are observed in the absence of Mg*". (C) A few STD signals were observed
at0.75 mM Mg>*. (D) Maximal STD signals from UDP-Glc protons were observed at 1.5 mM Mg*", which are the result of UDP-Glc molecules gaining magnetic
saturation while bound to H3. After dissociating from H3, the UDP-Glc molecules retain saturation and contribute to the STD spectrum while unbound (free).
(E) At3 mM Mg ", there is no further enhancement of the STD signals. The STD data were acquired with a spectral width of 6,000 Hz, 32,768 data points, 2,048
scans, and a receiver gain of 128 and without water suppression. The saturation of the protein was achieved by selective irradiation at —0.15 ppm (see Materials

and Methods). “HDO,” residual partially deuterated water resonance.

ing was maximal. Less binding was observed at 0.75 mM Mg**
and at 3 mM Mg>". This implies that the binding ligand is the
complex of Mg”>* and UDP-Glc, which provides further evidence
that the vaccinia virus H3 protein might function as a glycosyl-
transferase.

STD NMR experiments using UDP, UDP-GIcNAc, or CMP
under the same conditions revealed small STD effects of a much
lower intensity than with UDP-Glc. Only a few protons were in-
volved in saturation transfer, whether measured with or without
Mg*", implying that such minimal binding is not likely to be of
biological significance. Using UDP-Gal or UDP-GalNAc, two
other potential ligands, small STD effects were observed whether
or not Mg”" was present, indicative of nonspecific binding (data
not shown).

Mutation of the E/DxD motif of H3. Figure 5A displays a 1D
NMR spectrum of UDP-Glc for comparison to the STD spectra
that follow in Fig. 5. In Fig. 5B, a control STD spectrum that was
acquired under identical experimental conditions using 1.5
mM UDP-Glc in the absence of H3 shows no STD effects for
any of the UDP-Glc protons. This control spectrum demon-
strates the absence of subtraction artifacts and the lack of any
accidental direct radiofrequency power saturation of ligand
protons in the absence of H3. We performed STD NMR studies
of the binding of the UDP-Glc ligand with wild-type H3
(H3_UDP-Glc) (Fig. 5C) and with H3 with a mutation to ala-
nine at either Glu125 (125H3_UDP-Glc¢) (Fig. 5D) or Asp127
(127H3_UDP-Glc) (Fig. 5E).

The binding of UDP-Glc to the 125H3 alanine mutant shows
significant decreases in the STD effects (Fig. 5D) in the sugar spec-
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tral region (3.2 to 4.6 ppm) and no STD effects for the Hyg gy
H, ., and H, ( ligand protons (Fig. 5D), compared to the STD of
wild-type H3 binding UDP-Glc (Fig. 5C).

The binding of UDP-Glc to the 127H3 alanine mutant exhibits
similar STD effects in the absence and in the presence of Mg*"
(Fig. 5E). The STD enhancements are of smaller intensities (Fig.
5E) than the corresponding STD effects observed for H3_UDP-
Glc (Fig. 5C), and no STD effect is observed for the H, ligand
protons. The lack of an Mg*" dependence of the STD effects for
the 127H3-UDP-Glc complex implies a nonspecific nature for the
binding interaction between 127H3 and UDP-Glc. In conclusion,
the mutation at residue 125 inhibits all binding of UDP-Glc to H3,
and the mutation at residue 127 results in nonspecific binding of
UDP-Glc to H3.

Binding of H3 to the surface of cells as observed by flow cy-
tometry. It has been reported that the H3 protein binds to hepa-
ran sulfate (22). The binding of H3 to the surface of cells was
assessed by using flow cytometry. CHO-K1 cells are wild-type cells
that express GAGs, including heparan sulfate, on their surface, as
do most mammalian cells. The shifted peak of cell fluorescence
shown in Fig. 6A demonstrates that H3 bound to the surface of
CHO-K1 cells. As a control, we repeated the experiment using
instead CHO-745 cells that do not express GAGs on their cell
surface. CHO-745 cells have a mutation that leads to a nonfunc-
tional xylose transferase, the enzyme that catalyzes the first step of
GAG addition to a GAG core protein. Under identical conditions,
H3 bound weakly to the surface of CHO-745 cells (Fig. 6B), sug-
gesting that H3 binding to cell surfaces depended on GAGs.

H3 binds a heparin sulfate decasaccharide. The flow cytom-
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FIG 5 Mutation of the conserved glycosyltransferase D/ExD motif in H3 dis-
rupts UDP-Glc binding. (A) 1D 'H NMR spectrum of UDP-GIc in the pres-
ence of H3, at a protein-to-ligand molar ratio of 1:500, under the same condi-
tions as those described in the legend of Fig. 4A. (B) STD NMR spectrum of
UDP-Glc in the absence of the H3 protein, in which no STD enhancements
were observed for the protons of UDP-Glc. (C) STD NMR spectra in the
absence of Mg”* and in the presence of Mg> " demonstrating binding of UDP-
Glc to wild-type H3. (D) E125A mutant (“125H3_UDP-GIc”). The strong
decrease in the STD enhancements for UDP-Glc in the presence of the E125A
mutant indicates that the mutation of the H3 protein at residue 125 inhibits the
binding of UDP-Glc. (E) D127A mutant (“127H3_UDP-GIc”). The lack of
Mg®" dependence of the STD enhancements in the presence of the D127A
mutant suggests nonspecific binding.

etry results indicating that H3 binds to GAGs on cell surfaces led
us to study the binding of H3 to heparin by saturation transfer
NMR techniques. Using a commercially available heparin decasa-
ccharide, we collected NMR data on H3, the decasaccharide, and
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FIG 6 The H3 protein binds to GAGs on the surface of cells. (A) H3 with a His
tag sequence at its C terminus was incubated with CHO-K1 cells. Bound H3
(red peak), detected with an anti-His tag antibody and a secondary antibody,
yielded higher fluorescence by flow cytometry. (B) Using CHO-745 cells that
do not express GAGs, H3 does not bind (red peak). In both panels, the gray
peaks are a control in which H3 and anti-His tag antibody were omitted.

the mixture of the two. The decasaccharide (~3,000 Da) has a
much higher molecular mass than those of the nucleotide sugars
(~600 Da), and its larger size broadens and weakens its NMR
resonances compared to those of the smaller ligands. We found
that STD NMR signals from H3 itself were no longer negligible
compared to the STD signals from the heparin decasaccharide
ligand. We used a double-difference strategy to remove the STD
signals due to H3, allowing us to observe the STD signals from the
decasaccharide.

In Fig. 7A, a saturation transfer double-difference (STDD)
NMR spectrum was used to observe the binding of the heparin
decasaccharide to H3 (compare the peaks in Fig. 7A with the 1D
spectrum of the decasaccharide alone in Fig. 7B). The STD peaks
in Fig. 7A are clearly from only the ligand protons since they are at
the same chemical shifts as those in Fig. 7B. The decasaccharide
peaks in the STDD spectrum in Fig. 7A are solid evidence that the
heparin decasaccharide binds to H3.

The STDD spectrum is the result of subtracting the spectrum
in Fig. 7E from the spectrum in Fig. 7C. Figure 7C shows an STD
spectrum of H3 in the presence of the decasaccharide at a protein-
to-ligand molar ratio of 1:100. H3 in the absence of ligand, shown
in Fig. 7E, reveals enhancements for the majority of the H3 protein
resonances seen in the 1D H3 spectrum in Fig. 7F, demonstrating
that there was efficient spin diffusion throughout the H3 protein.
Figure 7E also indicates that the application of a T, filter (see
Materials and Methods) to the STD NMR data did not result in the
complete elimination of the protein resonances. H3 shows STD
effects (Fig. 7E) in the same spectral region as that of the decasa-
ccharide resonances (Fig. 7B) and thus would interfere with the
interpretation of the decasaccharide STD enhancements. Our use
of a double-difference technique overcame this experimental ob-
stacle and resulted in the STDD spectrum shown in Fig. 7A.

The decasaccharide binding data shown in Fig. 7 were collected
in the presence of 50 mM NaCl in the NMR samples. In order to
probe the effect of the NaCl concentration on binding, we col-
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FIG 7 H3 binds a heparin decasaccharide ligand, as observed by STDD NMR
spectroscopy. (A) STDD NMR spectrum displaying decasaccharide proton
peaks (asterisks) that arise from the transfer of saturation from protons of the
H3 protein to protons of the bound decasaccharide. This “double-difference”
spectrum is the result of subtracting spectrum “E” (see below) from spectrum
“C” and was performed to eliminate background H3 protein resonances. (B)
Heparin decasaccharide (600 wM) spectrum in a 1D 'H NMR experiment.
Note that these resonances are the same as those in panel A but are at a higher
signal-to-noise ratio here. (C) STD NMR spectrum of the H3 protein mixed
with the decasaccharide. This STD spectrum was obtained by subtracting the
on-resonance (—0.15 ppm) spectrum (not shown) from the off-resonance (50
ppm) spectrum (not shown). (D) 1D 'H NMR spectrum of the mixture of H3
(6 M) and the decasaccharide (600 uM). (E) STD spectrum of H3 alone as a
control, obtained as described above for panel C. (F) 1D "H NMR spectrum of
H3 alone. The arrow (bottom left) denotes that the on-resonance selective
irradiation to achieve the saturation of H3 protons was performed at —0.15
ppm, which is distant from all decasaccharide resonances. All spectra were
collected with a spectral width of 6,000 Hz and a receiver gain of 128. The 1D
'H NMR spectra in panels B, D, and F were collected by using 4,096 data points
and 256 scans with water suppression. The 1D STD NMR on- and off-reso-
nance spectra were collected under identical conditions but using 32,768 data
points and 2,048 scans without water suppression.

lected additional STD NMR data with 100 mM, 200 mM, and 300
mM NaCl present in the NMR sample (data not shown). While
the ligand STD effects at 100 mM NaCl exhibit almost the same
intensities as the corresponding ones at 50 mM NaCl shown here,
a considerable decrease in the STD effects was observed at 200 mM
NaCl, and no STD effects were observed at 300 mM NaCl. These
results suggest that the binding of heparin sulfate to the H3 pro-
tein is electrostatic in character, which is consistent with the bind-
ing of GAG ligands to other proteins (37).

Electrostatic depiction of the surface of H3. There are 20
lysine and arginine residues of H3 for which electron density for
the entire side chain was observed. Six other lysines and arginines
were disordered. In Fig. 8, surface representations of H3 are col-
ored in a color ramp indicating the calculated electrostatic poten-
tials from —75 mV (red) to +75 mV (blue). In Fig. 8A, islands of
positive charge (blue) may serve to allow heparin binding, as the
binding of heparin to proteins is largely electrostatic. Figure 8B
shows the location of the bound Mg ion and a Pdo molecule. The
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broad positive (blue) area that occupies ~50% of this face of H3
may be a site for an acceptor molecule to bind, proximal to the
catalytic site of this putative glycosyltransferase.

DISCUSSION

H3 is located in the MV membrane with the domain studied here
outside the virus and exposed to the cytoplasm. H3 has no recog-
nizable signal sequence that would traffic it to cellular compart-
ments. In an infection, H3 is produced in the cytoplasm of the
infected cell. We produced H3 without its transmembrane region
and found that the C-terminal end of recombinant H3 is proteo-
Iytically labile. This proteolysis occurred in our preparations and
possibly in the bacterial cells during expression. This is consistent
with cleavage sites that were estimated to be near Arg248 of H3
when vaccinia virus particles were treated with trypsin (20).

H3 as a glycosyltransferase. The closest database structural
match to H3 is rabbit N-acetylglucosaminyltransferase I (GnT I)
(41). Like H3, GnT I has a ExD motif, rather than DxD. GnT I uses
UDP-GIcNAc to transfer GIcNAc to oligomannose in a key step in
the formation of complex oligosaccharides. The topologies of H3
and GnT I are similar: alternating strands and helices with most of
the connections between secondary structure elements being the
same. In the structure of GnT I with bound UDP-GIcNAg, resi-
dues 318 to 330 form a loop that covers the bound ligand (45).
This loop is disordered in the GnT I structure without the ligand.
H3 residue 240 superimposes onto GnT I residue 318. H3 residue
240 is the last residue that is ordered in our H3 structure, which is
consistent with an unliganded structure. With UDP-Glc being
bound, we predict that a loop starting at residue 241 would be-
come ordered and visible in the electron density. Our binding
studies show that UDP-Glc binds to H3 and that the binding re-
quires Mg ™. UDP-Glc would be the sugar donor molecule for the
H3 glycosyltransferase to transfer glucose to another molecule. It
seems unlikely that H3 glycosylates an MV protein, as no viral
protein components of the MV are known to be glycosylated (46).

In addition to the H3 putative glycosyltransferase described in
this work, another poxvirus sialyltransferase is present in myxoma
and fibroma viruses of the Leporipoxvirus genus (47, 48). The si-
alyltransferase has been found to contribute to immunosuppres-
sion during viral infection (49). Sequence analysis shows that
there is also an H3 homolog in the viral genomes that have the
sialyltransferase.

Some viruses express their own glycosyltransferases for various
functions. To evade host antiviral mechanisms, some phages ex-
press a- and B-glucosyltransferases, which glucosylate their DNA
and make it resistant to host restriction endonucleases (50). Par-
amecium bursaria chlorella virus 1 (PBCV-1), a member of the
virus family Phycodnaviridae, encodes at least five glycosyltrans-
ferases (51). One of them, A64R, is involved in the glycosylation of
the virus major capsid protein Vp54 (42). Like H3, A64R binds
UDP-Glc. Glucose is one of the carbohydrate components of
Vp54, unlike the glycan components of mature N- or O-linked
eukaryotic glycoproteins that usually lack glucose (52). None of
these glycosyltransferases have an identifiable signal peptide that
would target them to the endoplasmic reticulum (ER). The Vp54
N-linked glycans do not occur at NX(S/T) sites that are the canon-
ical recognition sites of the eukaryotic cellular enzymes that carry
out N-linked protein glycosylation (42). Thus, it was predicted
that PBCV-1 encodes most of the enzymes that glycosylate Vp54
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FIG 8 Electrostatic surfaces of H3 detail locations of positive charges and of bound Mg>*. (A) View of the surface of H3, colored by surface positive charge (blue)
and negative charge (red), with the darkest red signifying —75 mV and the darkest blue signifying +75 mV. (B) View after a 180° rotation from the view shown
in panel A around the vertical axis. All lysines and arginines are identified and were used in the calculation, except for six for which side-chain electron density
was absent. Electrostatic calculations were generated with APBS (Adaptive Poisson-Boltzmann Solver) (69).

(53), and there is evidence that the glycosylation of Vp54 occurs in
the cytoplasm (53, 54).

H3 binds heparin sulfate. Our experimental results demon-
strate that the H3 protein binds a heparin sulfate decasaccharide
and binds to heparan sulfate expressed on the surface of mamma-
lian cells. Glycosaminoglycans are linear, complex anionic poly-
saccharides that are universally available in the cell surface glyco-
calyx and in the extracellular matrix (55). Heparan sulfate is the
most complex glycosaminoglycan and is highly expressed on cell
surfaces. Some viruses have been shown to use heparan sulfate as
areceptor to invade host cells (56). Heparan sulfate may function
as a target for poxvirus adhesion or as a coreceptor to capture
ligands and enable further interactions with other target proteins.

The binding of H3, A27, and D8 to GAGs on the MV surface
has been implicated in mediating the first attachment of the pox-
virus particle with the host cell (22-24, 57, 58). However, the
binding of the MV to GAGs is not absolutely required for MV
invasion of host cells (59), and deletions of the H3, A27, or D8
gene yield mutant viruses that are still able to infect cells (60).

Disruption of the EV membrane must be the first step in virus
entry to expose the entry fusion machinery on the MV membrane.
It is established that polyanions disrupt the outer membrane of
the EV (61). When the EV comes into contact with polyanions,
predominantly the negatively charged heparan sulfate of the ex-
tracellular matrix, the fragile EV outer membrane may break and
expose the MV membrane containing the two heparan sulfate
binding proteins H3 and A27. Since the pH of the extracellular
matrix is ~7.0, H3, having an isoelectric point (pI) of 6.1, would
have a net negative charge at this pH. The binding of H3, and thus
MYV, to the heparan sulfate of the extracellular matrix would be
unfavorable since both H3 and the heparan sulfate would be neg-
atively charged. On the other hand, when the MV encounters a
host cell glycocalyx, with alocal pH at the surface that is lower than
the pI of H3 (62), H3 would have a net positive charge. This would
allow a favorable interaction with the host cell surface via H3 and
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also A27. Attachment to the cell in this way would be the first step
leading to the formation of the fusogenic complex (63).

H3 is involved in attachment to the host cell, contributes to
viral morphogenesis, and plays a role in infection (22). Since H3 is
a major immune system target that is recognized by neutralizing
antibodies, H3 is an important viral protein to be included in new
vaccines (18). The H3 crystal structure and ligand binding results
presented here shed light on the roles that H3 may play in the
vaccinia virus life cycle.
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