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Vaccinia viral envelope protein A27 (110 amino acids) specif-
ically interacts with heparin (HP) or heparan sulfate (HS) pro-
teoglycans for cell surface attachment. To examine the binding
mechanism, a truncated soluble form of A27 (sA27-aa; residues
21-84 of A27) with Cys”! and Cys”?> mutated to Ala was used as
the parent molecule. sA27-aa consists of two structurally dis-
tinct domains, a flexible Arg/Lys-rich heparin-binding site
(HBS) (residues 21-32; *'STKAAKKPEAKR??) and a rigid
coiled-coil domain (residues 43— 84), both essential for the spe-
cificbinding. As shown by surface plasmon resonance (SPR), the
binding affinity of sA27-aa for HP (K, = 1.25 X 10% m~ ) was
approximately 3 orders of magnitude stronger than that for
nonspecific binding, such as to chondroitin sulfate (K, = 1.65 X
10° m™'). Using site-directed mutagenesis of HBS and solution
NMR, we identified a “KKPE” segment with a turn-like conforma-
tion that mediates specific HP binding. In addition, a double
mutant T22K/A25K in which the KKPE segment remained intact
showed an extremely high affinity for HP (K, = 1.9 x 10" m™?).
Importantly, T22K/A25K retained the binding specificity for HP
and HS but not chondroitin sulfate, as shown by in vitro SPR and in
vivo cell adhesion and competitive binding assays. Molecular mod-
eling of the HBS was performed by dynamics simulations and pro-
vides an explanation of the specific binding mechanism in good
agreement with the site-directed mutagenesis and SPR results. We
conclude that a turn-like structure introduced by the KKPE seg-
ment in vaccinia viral envelope protein A27 is responsible for its
specific binding to HP and to HS on cell surfaces.

Vaccinia virus (VV)? is the prototype of the Orthopoxvirus
genus of the Poxviridae family, which infects many cell lines
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and animals (1, 2). The size of the viral genome is 190 kb, and
it encodes more than 200 proteins. VV replicates in the cyto-
plasm of infected cells. The mature virion is the most abun-
dant infectious virion particle assembled in the cytoplasmic
viral factory (3). Viral envelope proteins form complexes on
mature virions; for instance, viral protein A26 interacts with
laminin (4). The vaccinia viral proteins A16, A21, A28, G3,
G9, H2, J5, and L5 form protein complexes involved in viral
fusion and viral entry (5-7). Like many viruses, such as her-
pesvirus, papillomavirus, paramyxovirus, and flavivirus, VV
specifically interacts with glycosaminoglycans (GAGs) that
determine its host tropism.

GAGs are linear polysaccharides with repeating disaccharide
units predominantly found on cell surfaces and as constituents
of the extracellular matrix (8, 9) that play fundamental roles in
growth factor signaling, cellular differentiation, morphogene-
sis, pathophysiology (10-12) and proliferation, embryonic
development, wound healing, and inflammation (9, 11, 13-15).
GAGs interact specifically with a variety of proteins that medi-
ate various biological processes (for details see Ref. 16 and ref-
erences therein). There are four major members of the GAG
family as follows: chondroitin sulfate (CS), dermatan sulfate
(DS), heparan sulfate (HS) proteoglycan, and its highly sulfated
analogue heparin (HP). HS is composed of N-acetyl-a-p-glu-
cosamine as the major component, whereas the major compo-
nent of HP is N-sulfo-a-D-glucosamine (16). Both CS and HS
on the cell surface show a high degree of heterogeneity of the
disaccharide repeating units and a variety of sulfation patterns
that might influence the interaction with different VV proteins.
In VV, several envelope viral proteins have been reported to
interact with GAGs for specific attachment to the host cell sur-
face, e.g. D8 binds to CS, whereas A27 and H3 interact with HS
or HP (17, 18).

A27 consists of 110 amino acid residues that can be divided
into four functional domains (Fig. 1) as follows: an N-terminal
signal peptide (residues 1-20) (19); a Lys/Arg-rich domain (res-
idues 21-32) known as the HBS (18); an «a-helical coiled-coil
domain (residues 43—84); and a C-terminal leucine zipper
motif (residues 85-110) that interacts with viral membrane
protein A17 (20). The HBS (*'STKAAKKPEAKR??) is a flexible

uronic acid; GIcNS6S, 2-N-sulfo, 6-O-sulfate glucosamine; IdoA2S, 2-O-sul-
fate iduronic acid; sA27aa, soluble form of A27; SA, streptavidin.
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FIGURE 1. lllustration of the different functional domains in wild-type
A27 and its truncated form sA27-aa (amino acids 21-84). Wild type A27
(wt A27) consists of the four functional domains of the signal peptide (SP,
residues 1-20), the heparin binding domain (residues 21-32), the coiled-coil
rigid domain (residues 43-84), and the Leu zipper domain at the C terminus
(residues 84-110). sA27-aa consists of the heparin binding domain and the
coiled-coil rigid domain in which two adjacent Cys residues (CC) at residues
71 and 72 are mutated to Ala. The HBS is an Arg/Lys-rich flexible domain,
STKAAKKPEAKR; the basic residues are indicated in boldface. Different HBS
mutants (A and K series and the K3A3 mutant) were expressed and purified;
the mutated residues are shown in green (A series) or blue (K series) and are
underlined. The KKPE-binding motif in the K mutants is shown in red.

GAG-binding motif, consisting of five basic (B) and seven non-
basic (X) residues (XXBXXBBXXXBB) (see Fig. 1), whereas the
rigid hydrophobic coiled-coil domain consists of four heptad
repeats (abcdefg) responsible for self-assembly (21). The flexi-
ble HBS and the rigid hydrophobic coiled-coil domain are
structurally and dynamically distinct, and the latter serves to
stabilize the oligomeric protein structure that is essential for
binding to HP via the HBS. Unfortunately, because of intrinsic
self-assembly, neither an x-ray crystallographic structure nor a
solution NMR structure is available. In our previous study (21),
we used a truncated form of A27, sA27-aa (residues 21— 84),
containing both the HBS and the rigid coiled-coil domain, as
the parent molecule (see Fig. 1). We demonstrated that the
oligomeric structure of sA27-aa is essential for effective binding
to HP and HS on cell surfaces (21). Apart from the structure/
function correlation, the specific GAG binding mechanism of
A27 remains unclear. In this study, in the absence of an x-ray or
NMR protein structure, we used site-directed mutagenesis to
examine the mechanism of the specific A27/GAG interaction.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—The preparation of the parent
molecule sA27-aa has been described previously (22). Eleven
sA27-aa mutants were constructed, consisting of five “A series”
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mutants in which single Lys residues were replaced by Ala, five
“K series” mutants in which one or two residues were replaced
by Lys residues, and a scrambled HBS sequence mutant “K3A3”
(for details see Fig. 1). PCR amplification was performed using
Pfullltra high fidelity DNA polymerase (Stratagene) and vari-
ous oligonucleotide primers (supplemental Table S1). A PCR-
based strategy was used, followed by Dpnl digestion to remove
the parental template, as described previously (23). To generate
the K3A3 mutant, an A34L plasmid was constructed with a Sacl
restriction site at the end of the DNA triple coding for Leu®*.
The plasmid was created by BamHI/Sacl double digestion, fol-
lowed by K3A3 cassette insertion into the digested product
using the forward primer (5’-gatcctctaaggctgctaaagcagcaaa-
ggaggctaaacgcgagct-3') and the reverse primer (5'-cgcgttta-
gectectttgetgetttagcagecttagag-3’). Subsequently, a second
mutagenesis step was performed to restore Ala®>* using the
sense and antisense L34A primers (supplemental Table S1). All
mutant constructs were confirmed by DNA sequencing.

Purification of Recombinant Proteins—Recombinant pro-
teins were expressed in bacteria and purified as described pre-
viously (18). All recombinant proteins carried a T7 tag at the N
terminus and a hexahistidine tag at the C terminus, which did
not interfere with the function of wild-type A27 (18). For het-
eronuclear NMR studies, transformed bacteria were grown at
37°C in M9 medium supplemented with [**N]ammonium
chloride (1 g/liter) and [**C]glucose (1 g/liter) (Cambridge Iso-
tope Laboratories, Inc., Andover, MA) to an absorbance at 600
nm of 0.8, induced for 2 h at 37 °C with 1 mm isopropyl 1-thio-
B-D-galactopyranoside, and harvested; the proteins were then
purified on a nickel-nitrilotriacetic acid affinity column, as
described previously (18).

14-mer HBS Peptide Synthesis—The 14-mer HBS peptide
(STKAAKKPEAKREA) that corresponds to the HS binding
domain of A27 was synthesized using an automated, solid phase
synthesizer 433A (Applied Biosystems, Stafford, TX) using
Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry and
PyBOP activation. The peptide was purified by high pressure
liquid chromatography using a reverse phase C-18 column
(Supelco, 250 X 10 mm, 5 wm) on an Agilent 1100 system.
Purity and homogeneity were confirmed by matrix-assisted
laser desorption ionization time-of-flight mass spectrometry.

Surface Plasmon Resonance (SPR)—Real time SPR experi-
ments were performed on a BIAcore Biosensor 3000 system
(BIAcore, Uppsala, Sweden) as described previously (21). To
analyze the GAG binding affinity of sA27-aa, streptavidin (SA)
sensor chips were purchased from BIAcore. GAG molecules
such as biotinylated HP, DS, and chondroitin sulfate A were
purchased from Sigma. CS was biotinylated by the method of
Osmond et al. (24) or Cain et al. (25) via oxidized cis-diol
groups. For SPR analysis, biotin-HP or -CS (10 pg/ml) in run-
ning buffer (10 mm HEPES, pH 7.0, containing 0.15 M NaCl, and
0.005% Polysorbate 20) was passed over the surface of an SA
sensor chip at a flow rate of 10 pl/min until the maximal
amount of biotin-HP or -CS was captured. The cells were then
washed with HBS buffer containing 1 M NaCl to remove
unbound biotinylated GAG molecules. GAG surfaces were cre-
ated with an enhancement response unit value of 250-300.
Unless specified otherwise, recombinant proteins at five differ-
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ent concentrations (1.0, 0.5, 0.25, 0.125, and 0.0625 uMm) were
injected over the HP- or CS-coated surface for 180 s for associ-
ation followed by 300 s of running buffer injection for dissoci-
ation. Parallel injections of analytes over a control surface were
performed for background measurements. The control surface
was prepared using the same procedure but without biotiny-
lated HP or CS. After subtraction of nonspecific binding curves,
the association and dissociation rate constants were derived
from a 1:1 Langmuir binding model (28). The coated surface
was regenerated for subsequent injections by two successive
injections of 120 ul of 1 M NaCL

NMR Spectroscopy—"H NMR spectra were recorded on a
Bruker DRX500 spectrometer operating at 500.13 MHz. Spec-
tra were collected in H,O/D,O (90:10) at a temperature of 25 °C
and with a repetition time of 1.5 s. Chemical shifts were refer-
enced to 2,2-dimethyl-2-silapentane-5-sulfonate using to the
water resonance calibrated at 25 °C. NOESY spectra (mixing
time of 300 ms) and TOCSY spectra were recorded with a spec-
tral width of 4.7 kHz using 512 ¢; blocks of 96 scans (NOESY) or
80 scans (TOCSY), each consisting of 2048 ¢, points. Two-di-
mensional data sets were processed using a 60° sine-squared
bell window function in both dimensions and zero filling to
2048 X 1048 data points prior to Fourier transformation. All
'H-'*N HSQC spectra were recorded at pH 5.0 and at 23 °C on
a Bruker Avance 600 MHz spectrometer equipped with a 5-mm
inverse triple resonance (*H/**C/**N) z axis gradient probe; for
1>N-labeled proteins (0.8 —1.0 mm), Shigemi NMR tubes (5-mm
outer diameter) were used. The detailed procedures for NMR
measurement, data acquisition, and analysis have been
described previously (29).

In the sA27-aa/HP and K3A3/HP interaction study, 'H-'*N
HSQC spectra were recorded for '°N-labeled sA27-aa and
K3A3 (0.6 mm) in the presence of HP using a protein/HP weight
ratio of 1:5. Chemical shift perturbations were quantified using
A8 = ((0.1 Ady)* + (A8,,)»)""?, the factor of 0.1 compensating
for the fact that the '°N shift covers a range ~10 times that of
H.

Cell Binding Assays—For the direct cell binding assay, differ-
ent amounts (1, 10, and 100 ug) of the recombinant T22K/
A25K mutant and the parental sA27-aa were incubated with
HelLa cells at 4 °C for 60 min.

For competition binding assay, recombinant T22K/A25K
mutant and sA27-aa protein (10 ug) were preincubated with
phosphate-buffered saline, soluble HP, or CS (100 pg/ml) at
4 °C for 60 min with gentle rotation, and then the mixture was
added to pre-cooled HeLa cells and incubation continued at
4 °C for another 60 min. The cells were washed three times with
cold phosphate-buffered saline and lysed in SDS-containing
sample buffer, and cell-bound A27 protein was separated on
12% SDS-PAGE and analyzed by immunoblot analyses as
described previously (29).

In the binding specificity study, three murine cell lines were
used (L, gro2C, and sog9 cells; kindly provided by F. Tufaro (30,
31)). Ten milliliters of prewarmed high glucose Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
and 2% penicillin/streptomycin was added to a 10-mm Petri
dish. Frozen stocks (—80 °C) of the cell lines were brought to
room temperature in a water bath; the thawed cells were then
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moved to a 1.5-ml microtube and spun down, and the superna-
tant was removed. 1 ml of the medium from the Petri dish was
then added to the cells, and the cells were suspended by gentle
repeated pipetting and spread on the Petri dish. In a few min-
utes, the cells became attached to the bottom of plate and
appeared thick and round under the microscope. On the 4th
day, cells were split onto four plates for binding studies. Differ-
ent amounts of the T22K/A25K mutant were incubated with
the cells at 4 °C for 1 h, and the medium was then removed, and
the cells were washed. The cells were lysed and aliquots of the
lysate separated by 15% SDS-PAGE, and the proteins were
transferred to a polyvinylidene difluoride membrane, and
monoclonal anti-T7 tag antibody (Novagen) was used at a
1:5000 dilution to detect T22K/A25K. Horseradish peroxidase-
conjugated anti-mouse IgG antibody (Pierce) at a 1:5000 dilu-
tion was used as the second antibody.

HBS-HS Docking and Co-minimization Analysis—A 12-mer
HBS peptide (STKAAKKPEAKR, the GAG-binding motif of
A27 viral protein) was created as an object using the program
Discover Studio 2.0 and typed with the CHARMm force field.
The peptide conformation was generated by standard dynamic
cascade with implicit solvent model of generalized born
switching and by energy minimization. The x-ray structure of
tetrasaccharide, AUA2S-GIcNS6S-1doA2S-GIcNS6S (Protein
Data Bank entry 1T8U) bound to a sulfotransferase (32), was
used as the starting substrate structure. The bound sulfotrans-
ferase was removed, and the structure of 12-mer HBS peptide
was used as a template for generating the HBS-HS complex. The
docking of HS with HBS was performed using a manual proce-
dure, placing AUA2S-GIcNS6S-IdoA2S-GIcNS6S in the HBS
for the best fitting. The complex structure was solvated with
water molecules in an orthorhombic periodic box (57.5 X
31.1 X 27.4 A) using explicit periodic boundary as a solvation
model. Appropriate counterions such as sodium and chloride
ions were added to neutralize the total charge of the complex.
The complex together with the explicit water molecules were
subjected to molecular dynamic simulation using standard
dynamics cascade. The electrostatic interactions were calcu-
lated using the Particle Mesh Ewalds method.

RESULTS

Specific and Nonspecific GAG Binding—To differentiate
nonspecific and specific GAG binding in vitro, we determined
the binding affinity of vaccinia viral protein A27 for HP and CS
using SPR. Biotin-tagged GAG molecules were immobilized on
the SA sensor chip, and sA27-aa or mutants were passed over
the immobilized GAGs. Fig. 24 shows SPR sensorgrams
obtained at five different protein concentrations for sA27-aa
and immobilized HP. The values of the kinetic binding con-
stants k., k. and K, (= k,/k.g) were 1.71 X 10> M~ ' s,
13.7 X 10 ° s !, and 1.25 X 10® Mm%, respectively (Table 1).
However, for nonspecific GAG binding, such as the sA27-
aa/CS interaction, a lower K, value (~10° m™ ') was observed.
The binding affinities of the specific and nonspecific binding
differed by approximately 3 orders of magnitude. Note that the
dissociation rate constant k. for the nonspecific interaction
was also 3 orders of magnitude higher than that for the specific
interactions, suggesting that, in the case of nonspecific binding,
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TABLE 1
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FIGURE 2. SPR analyses of GAG binding of sA27-aa and different mutants.
Biotinylated HP was captured by streptavidin onto an SA sensor flow chip.
A, sA27-aa at five different protein concentrations (1.0, 0.5, 0.25, 0.125, and
0.0625 um) was injected onto the immobilized HP, and the association and
dissociation kinetic interactions were monitored as a function of protein con-
centration in real time. B, representative sensorgrams for sA27-aa and the five
A series mutants at a protein concentration of 10 um. G, representative sen-
sorgrams for sA27-aa and three positive control K series mutants at a protein
concentration of 2.5 pum.

the viral protein was rather easily dissociated from GAGs. For
comparison, we also measured the specific binding to CS and
nonspecific binding to HP of another VV envelope protein, D8,
and we found similar binding affinities that differed at least by 2
orders of magnitude (Table 1). The specific interactions
showed a characteristic slow association and rather slow disso-
ciation binding mechanism, implying that the local structure
conformation of the GAG binding domain might be critical for
binding specificity.
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with HP, we constructed and purified a series of sA27-aa
mutants (K23A, K26A, K27A, K31A, and R32A) in which each
basic residue in HBS was systematically replaced with Ala (Fig.
1). These HBS mutants were denoted the A series, and HP affin-
ities were determined by SPR and compared with those of the
parent sA27-aa (Fig. 2B). As shown in Table 2, the effective
binding constant (K,) for HP for each mutant was 2 orders of
magnitude lower than that for the parent molecule, whereas no
significant change was observed in the association rate constant
k.. In fact, some of these HBS mutants had an HP binding
affinity similar to that of the nonspecific binding of D8 to HP
(Table 1). Although it has been reported that Arg residues
might bind HP more tightly than Lys residues in acidic fibro-
blast growth factor at physiological ionic strength (33), in the
case of sA27-aa we found no substantial difference in GAG
binding affinity when either Arg or Lys was mutated (Table 2).
Because the binding affinities were of the same order of magni-
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tude in the A series, we believe that the basic residues contrib-
ute equally to the binding of HP.

“KKPE” Segment Is Required for HP Binding—We proposed
that the ordering of the amino acids in the HBS might be critical
for specific HP binding. To test this hypothesis, we created an
sA27-aa mutant, denoted K3A3, in which the HP-binding
sequence was scrambled. In this mutant, the first eight amino
acids (SKAAKAAKEAKR), including the three basic residues
Lys®?, Lys®®, and Lys*®, were displaced compared with the orig-
inal HBS sequence (STKAAKKPEAKR), although the remain-
ing residues were unchanged. In the scrambled mutant, the
original KKPE-binding motif in the central region was replaced
with “AAKE,” but the total number of charged residues
remained the same (see Fig. 1). If sA27-aa/HP binding were
nonspecific, the resulting binding affinity would be sensitive to
the number of charged residues accessible in HBS, rather than
the HBS sequence itself, and one would expect that K3A3
would have an HP binding affinity comparable with that of the
parent sA27-aa. On the other hand, if the sA27-aa/HP interac-
tion were specific, then binding would be dependent not only
on the total number of charged residues but also on the
sequence. In fact, K3A3 showed a rather weak HP binding affin-
ity (K, = 5.57 X 10° M~ ') (Table 2), 2 orders of magnitude less
than that of the parent molecule, suggesting that the latter is the
case. Although the binding association rate constant k,, was
similar to that for specific HP binding, the dissociation rate
constant k. increased substantially, similar to those for non-
specific GAG interactions (see Table 1). Based on these obser-
vations, we believe that the order of the HBS amino acids is
critical for the HP binding affinity and that the KKPE segment
plays an important role in determining binding specificity.

NMR Analysis of the KKPE-binding Motif—The '"H-'°N het-
eronuclear single quantum coherence (HSQC) NMR spectrum
provides a reliable measure of self-assembly of sA27-aa (21). In
the native state of the protein, the HSQC spectrum displays
only the cross-peaks arising from the flexible residues Ser*'—
Asp*?, and the residues that are involved in self-assembly are
silent due to rapid relaxation (21). To determine possible struc-
tural requirements for HP binding specificity, we recorded
"H/"*N HSQC spectra for the parent sA27-aa and K3A3 (Fig. 3,
A and B). Comparison showed distinct chemical shift changes
for a few residues, such as Glu*’, Ala®*°, Lys®!, and Arg®?
although for all others (for example, Glu®>?, Ala**, and Ile*®),
chemical shifts were basically unchanged. The three-dimen-
sional molecular structure of soluble proteins can be deter-
mined by NMR spectroscopy using "H-'"H NOE measurements;
however, mainly due to protein self-assembly, in sA27-aa NOEs
were too weak to be analyzed. Instead, we assessed the residual
secondary structural information from the "HY, **C®, and *CO
chemical shifts. By comparing these chemical shifts to the val-
ues reported for a random coil peptide (34), a structural pro-
pensity index was calculated using (8-8,.nd0m)/(85-Orandom)
where 8 is the experimental chemical shift and 85 and 6,,,40m
the chemical shift values reported in the literature for a B-turn
or a random coil, respectively (34). A residue is considered
likely to form a B-motif if the '"HY propensity index falls
between 0.8 and 1 and to be a random coil if it is less than 0.2,
whereas for indices between 0.3 and 0.8, the relative tendency
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to form a B-motif is proportional to the propensity index. Sim-
ilarly, a residue is considered likely to form a B-motif if the >C*
or *CO propensity index falls between —0.8 and —1.0 and to be
random coil if it is less than —0.2. This analysis is particularly
useful for extracting secondary structural information for par-
tially structured domains. In the HBS of sA27-aa (Fig. 34), most
of the chemical shift propensity indices were less than 0.5, with
only a few residues in the region of Lys*’-Pro®*-Glu**-Ala®’,
having their "H" indices between 0.5 and 0.8 and some '>C*/
13CO indices outside the range of —0.5 to +0.5 (Fig. 3, C-E),
indicating a turn-like character in the secondary structure. In
contrast, no secondary structure was indicated in the same
region of K3A3.

To further characterize the local structure of HBS, we
recorded NMR spectra for a synthetic 14-mer peptide,
STKAAKKPEAKREA, a copy of the HBS sequence. Resonance
assignments for this HBS domain were made from inspection of
the homonuclear two-dimensional NOESY and TOCSY spec-
tra collected in H,O/D,O (90:10) at 298 K (supplemental Figs.
S1 and S2). The "HN/*H* cross-peaks in the two-dimensional
chemical shift correlation spectra were clearly distinct, which
made the sequential assignments straightforward (Fig. 44 and
Table 3). In the NOESY spectrum, strong sequential (i, i + 1)
inter-residue NOE cross-peaks were seen between 'H® of Pro>®
and "H” of Lys®® and between 'H® of Pro®® and 'HP of Lys®”.
Interestingly, (i, i + 2) NOE signals were also detected between
'H" of Pro® and 'H® of Ala®" and between "H® of Pro*® and 'H”
of Lys®® (Fig. 4B). Together with the NOE signal determined
from the 14-mer HBS peptide and the B-turn conformation
resolved from the "HY, *3C*, and '3CO chemical shift propen-
sity analyses (Fig. 3, C—E), we interpret these data as suggesting
that Lys**-Lys®’-Pro®®-Glu**-Ala®* adopts a characteristic
turn-like backbone conformation. Because both the 'H™ and
the "H* chemical shifts derived from the 14-mer HBS peptide are
consistent with those observed for the parental sA27-aa (see Table
3), this indicated that the molecular conformations in the center
part of HBS arising from the two molecules are closely related.

Identification of Specific HP Binding by 'H-'>N HSQC—In
addition to analyzing protein self-assembly, HSQC spectros-
copy provides a simple and powerful method for identifying
specific protein/GAG interactions. Presuming the sA27-aa/HP
interaction to be specific, the chemical shifts of HBS residues
involved in specific binding should be perturbed, whereas those
of HBS residues not involved in specific binding should not be
perturbed. Comparison of the 'H-*N HSQC spectrum of
sA27-aa recorded in the presence of HP (at a protein to HP
weight ratio of 1:5) with that recorded in the absence of HP
showed that HBS residues were perturbed to different degrees.
In particular, for residues in the “AKKPEA” segment critical for
HP binding, the chemical shifts were perturbed the most
(>0.01 ppm). Among these, only Glu** resonances shifted
downfield in "HY dimension, although all others shifted upfield
in both dimensions (see Fig. 3F). For other residues, such as
Lys®3, Ala®*, Lys®!, and Arg>?, the chemical shifts were less per-
turbed, although for the remaining residues (namely Ser®!,
Glu®?, and Ala**), chemical shifts were basically unperturbed,
suggesting that these residues were not involved in HP binding.
An increase in the weight ratio to 1:10 resulted in a higher
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FIGURE 3. NMR structural analyses of sA27-aa and K3A3. A, two-dimensional "H-'>"N HSQC NMR spectra of the parent sA27-aa. B, HSQC spectrum of the
scrambled HBS sequence mutant K3A3 at pH 5.0. The respective GAG-binding sequences are shown above the spectrum with the mutated residues underlined.
Due to protein self-assembly, only the residues of the flexible HBS were observable (for details, see the text). The respective sequential assignments were
achieved on the basis of three-dimensional HNCA and HN(CO)CA NMR experiments (43), and the inter- and intra-residue chemical shift correlations were
determined (supplemental Table S2). Residues are boxed if a substantial chemical shift difference was found in the spectra. Single letter abbreviations for amino
acids are used. The numbering is based on the sequence of wild type A27. C, "H; D, *C%; and E, ">CO chemical shift propensity index analysis of the
GAG-binding sequences of sA27-aa and K3A3. The chemical shift index was determined as (8-8,ndom)/ (8g-8random), Where & is the experimental chemical shift
and BBand 8yandom the chemical shift values reported in the literature for a B-structure and random coil, respectlvely In the KKPE-binding motif of sA27-aa, the
propensity index is around +0.5, suggesting a B-turn conformatlon whereas in K3A3, no such structure is seen. The sequence numbering for sA27-aa (single
letter code) is shown on the horizontal axis. F, two-dimensional "H- 15N HSQC NMR spectra of sA27-aa interacting with HP, respectively. Spectrum of 0.6 mm
['®N]sA27-aa protein without HP (red) is overlaid with the spectrum of the protein after the addition of HP (blue). In sA27-aa, for residues such as Ala%®, Lys?®,
Lys?’, Glu?®, and Ala*°, chemical shift perturbations are greater than 0.01 ppm, suggesting that these residues are involved in specific HP binding. For other
residues, namely Ser?', Glu®3, Ala®*, chemical shifts were unperturbed, suggesting that these are not involved in the HP binding. Insets showed expanded
regions for some of these residues. G, two-dimensional 'H-">N HSQC NMR spectra of K3A3 interacting with HP, respectively. Spectrum of 0.6 mm ['>N]K3A3
protein without HP (red) is overlaid with the spectrum of the protein after the addition of HP (blue). Weight ratios of protein to HP are 1:0 (red), and 1:5 (blue).

degree of chemical shift perturbation in the AKKPEA segment,
following the same trend as seen in Fig. 3F, but much less for
other residues. Under these conditions, however, the overall
intensity of signals in the spectrum dropped substantially due
to sample precipitation (data not shown). In the case of K3A3,
the resonances of all HBS residues were unperturbed in the
presence of HP (at a protein to HP weight ratio of 1:5), see Fig.
3G. In summary, we have determined that the AKKPEA
sequence in the central part of HBS is responsible for the spe-
cific binding of sA27-aa to HP.

T22K/A25K Mutant Binds Tightly to HP—We postulated
that the turn-like structure of the “KKPEA” segment was
required for HP binding. To check this, we constructed Lys
mutants, denoted the K series, to determine the importance of
the KKPEA segment. The K series consisted of five mutants,
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four single and one double Lys mutants (T22K, A25K, E29K,
A30K, and T22K/A25K). T22K, A25K, and T22K/A25K were
treated as positive controls, in which Thr*? and/or Ala®® was
substituted with Lys (see Fig. 1). By adding more basic resi-
due(s) while leaving the KKPEA-binding motif intact, we
expected to achieve a higher GAG binding affinity without loss
of GAG binding specificity. E29K and A30K were treated as
negative controls. Using SPR (Fig. 2C), as expected, the K, val-
ues of the positive controls for HP were high, in the range of
10°-10" M~ ! (Table 2). Of these mutants, the double mutant
T22K/A25K had the highest HP binding affinity (K, = 1.9 X
10" M~ "). The two negative controls did not show high binding
affinity (see Table 2).

To determine whether T22K/A25K showed tight HP binding
at the expense of specificity, we compared its affinity for CS to
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FIGURE 3—continued

that of sA27-aa and D8 protein and found a low binding affinity
(K, =6.33 X 10° M ') in the same range as that for nonspecific
GAG binding (Table 1). Because the 'H-'*N HSQC spectrum of
the double mutant T22K/A25K was very similar to that of
sA27-aa (supplemental Fig. S3), we believe that the central
region of the HBS of the double mutant T22K/A25K adopts a
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turn-like conformation similar to that seen in the parent
molecule.

T22K/A25K Retains Binding Specificity for HS on Cell
Surface—To further examine HP binding specificity in vivo, we
performed an inhibition assay and two cell binding assays using
two types of cell.

In the competitive inhibition assay, sA27-aa and T22K/A25K
were incubated with HP, CS, or DS, and then the protein/GAG
mixture was added to cultured HeLa cells to see if it bound to
the cell surface-bound protein by Western blot analysis. As
shown in Fig. 54, this competition assay clearly demonstrated
that HP, but not CS or DS, inhibited the binding of both
sA27-aa and T22K/A25K to the cells, showing that the binding
of the T22K/A25K mutant was specific for HP.

In the first direct cell binding experiment, different amounts
(1, 10, or 100 ug) of sA27-aa and T22K/A25K were added to
cultured HeLa cells, and bound protein was measured by West-
ern blotting. As shown in Fig. 5B, the sA27-aa control bound to
the cells, consistent with previous findings (18). However,
under the same conditions, much more T22K/A25K was
bound, reflecting the higher binding affinity of T22K/A25K
determined in the SPR analyses (Table 2). To confirm the bind-
ing specificity, we carried out additional cell binding assays
using different amounts (0-250 ug) of T22K/A25K and three
different cell lines as follows: gro2C cells that lack mature HS;
sog9 cells that lack both HS and CS (30, 35); and L cells with
both HS and CS on the cell surface. As shown in Fig. 5C, on
increasing the amount of T22K/A25K, a significant amount of
T22K/A25K bound to L cells. In contrast, the amount bound to
gro2C cells was very low. This substantial reduction in the
amount of bound protein was interpreted as resulting from the
lack of mature HS on the gro2C cell surface, the small amount
of bound protein being possibly due to nonspecific binding to
molecules other than HP, such as CS. This observation is con-
sistent with the nonspecific weak binding detected by SPR.
Using sog9 cells that lack both HS and CS, no T22K/A25K was
bound. Taking these results together with the in vitro SPR
measurements, we conclude that the T22K/A25K double
mutant has a high HP binding affinity without any loss of HP
binding specificity.

Computer Modeling Analysis of HBS—To resolve the local
molecular structure of the HBS, we carried out a computer
modeling analysis of a 12-mer HBS peptide in the absence and
presence of HS using Discovery Studio software. As shown in
Fig. 64, in the absence of HS, the HBS backbone was seen as an
elongated, extended segment. Notably, a turn-like local confor-
mation was observed in the KKPE segment. Because of this
turn-like conformation, the side chain of acidic residue Glu®®
sits between the side chains of Lys*® and Lys®' in a co-planar
parallel manner. Similarly, the side chain of Ala®° sits between
the side chains of Lys*” and Arg>?. In fact, the side chains of
these basic residues are well organized, forming a “branch” pat-
tern on the same plane that allows interaction with HS. It can be
seen that the positively charged groups of Lys/Arg side chains
are accessible to sulfate groups on HS molecules, allowing mul-
tiple ionic interactions. In the presence of HS, the cooperative
HBS/HS binding structure is demonstrated by the docking of
an o-helical type HS molecule, exemplified by an HS tetrasac-
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charide (32) as follows: unsaturated 2-O-sulfate uronic acid
(AUA2S), 2-N-sulfo, 6-O-sulfate glucosamine (GIcNS6S), 2-O-
sulfate iduronic acid (IdoA2S), and 2-N-sulfo, 6-O-sulfate glu-
cosamine (GIcNS6S) (AUA2S-GIcNS6S-I1doA2S-GleNS6S).
The HBS-HS complex revealed a perfect match between the
a-helical HS and the branched side chain pattern (Fig. 6B). On
simulating more accurately the binding event by introducing
solvent molecules in the calculation, the complex structure
resulted in tighter binding through a series of hydrogen bonds,
in particular those of Lys®®, Lys*’, Lys®!, and Arg®* (Fig. 6C).
These side chains behave as buckles that reinforce the ionic
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Viruses make use of diverse GAG
molecules on the cell surface in
determining host restriction and
tropism. Dengue virus envelope protein has sequentially distant
basic residues that are closely packed into a basic patch, form-
ing a long cleft, capable of interacting with HP (36). In the case
of VV, the envelope protein D8 interacts specifically with CS
(18), although others, such as A27 (or sA27-aa) and H3, bind to
HS (17), facilitating cell surface attachment and viral entry. Sec-
ondary structure analysis of the HBS backbone structure of
sA27-aa by solution-state NMR revealed an unstructured flex-
ible random coil (23). In our previous study (21), we proposed a
molecular model that illustrates the cooperative structural and
functional relationship of two distinct domains, a flexible,
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TABLE 3
"H chemical shift assignments of synthesized 14-mer, a copy of HBS
sequence STKAAKKPEAKREA, in the absence of HP

For comparison, the "H™ and '"H® chemical shifts that extracted from recombinant
sA27-aa protein are given in parentheses.

Residue HN H< HF Others

Thr®?>  8.666 (8.190)  4.408 (4.374) 4.204 HY1.228

Lys* 8.445 (8.262)  4.309 (4.336) 1.816,1.750 H”1.430, 1.430
H® 1.690, 1.690
H¢ 2.997, 2.997
H¢ 7.540

Ala** 8.334(8.234)  4.270 (4.306) 1.356

Ala® 8.280 (8.219)  4.280 (4.296) 1.375

Lys®® 8.279 (8.253)  4.298 (4.325) 1.779,1.742 H” 1.443, 1.443
H® 1.690, 1.690
H¢ 2.997, 2.997
H¢ 7.540

Lys*” 8.413 (8.404) 4.573 (4.608) 1.816,1.740 HY 1.466, 1.483
H® 1.706, 1.723
H<3.011
H¢7.540

Pro®® 4.399 (4.436)  2.296,2.019 H” 1.889
H® 3.837, 3.654

Glu*®  8530(8.546) 4.242(4.276) 2.018,1.944 HY2.349,2.331

Ala®® 8.357 (8.351)  4.299 (4.325) 1.374

Lys®! 8.314(8.311) 4.280 (4.318) 1.800,1.760 H”1.412,1.412
H® 1.685, 1.685
H* 2.992, 3.008
H¢7.525

Arg®> 8417 (8.404) 4.334(4.354) 1.834,1.779 HY1.632, 1.632
H®3.213,3.213
H<7.223
H" 6.670

Glu®®* 8477 (8.480) 4.316 (4.306) 2.073,1.928 H2.349, 2.330

Ala>* 8.036 (8.318)  4.113 (4.346) 1.338

TABLE 4

"H chemical shift assignments of synthesized 14-mer, a copy of HBS
sequence STKAAKKPEAKREA, in the presence of HP

Residue HN TH« HP Others
Thr?? 8.635 4.420 4.239 H71.228
Lys*? 8.382 4.291 1.845,1.773 H" 1.456, 1.448

H® 1.701, 1.701
H* 3.022, 3.022
H¢ 7.494
Ala* 8.292 4.271 1.384
Ala?® 8.190 4.280 1.384
Lys®® 8.197 4.280 1.813,1.753 H” 1.466, 1.466
H® 1.701, 1.701
H<3.012, 3.012
H¢ 7.494
Lys*” 8.297 4.583 1.824, 1.793 H” 1.488, 1.488
H®1.713,1.713
H* 3.022, 3.022
H¢7.494
Pro®® 4.402 2.303, 1.965 H”2.038
H® 3.832, 3.656
Glu® 8.488 4.258 2.050, 1.956 H” 2.380, 2.380
Ala®® 8.303 4.291 1.394
Lys®! 8.256 4.290 1.824, 1.766 H" 1.436, 1.436
H® 1.692, 1.692
H*3.022, 3.011
H¢ 7.494
Arg®? 8.333 4.331 1.854, 1.782 H” 1.641, 1.630
H?3.215,3.215
H¢7.207
H" 6.670
Glu* 8.415 4.342 2.101, 1.947 H” 2.376, 2.376
Ala®* 8.036 4.127 1.344

unstructured, extended coil and a rather rigid a-helical, coiled-
coil domain. However, the specific mechanism by which A27
binds to HBS remained unclear until now. In this study, we used
a combination of site-directed mutagenesis, NMR, and SPR
techniques to elucidate the specific binding mechanism of
sA27-aa. We first measured the binding affinities for specific
protein/GAG interactions (such as sA27-aa/HP and D8L/CS)
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FIGURE 5. Cell binding assays. sA27-aa and the double mutant T22K/A25K
(10 ng) were added to cells, and bound protein was measured by Western
blot analysis. A, competitive binding assay. HP, CS, or DS (all 100 ng/ml) was
used to compete with the protein for binding to the Hela cell surface. Lane M,
protein standard markers. B, direct binding of different amounts of sA27-aa
and T22K/A25K to Hela cells. Phosphate-buffered saline (PBS) was used as a
negative control. G, binding of different amounts of T22K/A25K to L, gro2C,
and sog9 cells. The GAG expression phenotypes for the three cells are as
follows: L (HS*/CS™), gro2C (HS~/CS™), and sog9 (HS~/CS™).

and nonspecific protein/GAG interactions using SPR. The spe-
cific and nonspecific GAG binding affinities differed by approx-
imately 3 orders of magnitude. In addition, the specific interac-
tions showed a characteristic slow association and even slower
dissociation binding behavior, suggesting that the local molec-
ular structure might be critical for specific binding. Unfortu-
nately, due to protein self-assembly, neither NMR nor x-ray
structures are available. In the absence of structural informa-
tion, we expressed two series of HBS mutants and a scrambled
HBS sequence mutant, K3A3, in an attempt to identify local
structure required for specific HP binding. The mutant K3A3
showed loss of HP binding affinity and specificity. Using solu-
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FIGURE 6. Dynamic simulation modeling of HBS in vaccinia viral protein
sA27-aa. The backbone of HBS is shown as a blue solid ribbon in which the
KKPE segment forms a turn-like conformation. To distinguish the positively
charged residues, Lys®®, Lys®”, Lys®', and Arg>? are colored green. A, molecular
dynamics simulation of the HBS in the absence of HS. The HBS molecule is
shown using ball and stick representation (white, hydrogen atom; red, oxygen
atom; blue, nitrogen atom; gray, carbon atom). For clarity, Lys®, Lys?’, Glu?®,
Ala®®, Lys®', and Arg®? residues are highlighted in yellow. B, docking of HS with
the HBS without any solvent molecules. A tetrasaccharide, unsaturated 2-O-
sulfate uronic acid (AUA2S), 2-N-sulfo-,6-O-sulfate glucosamine (GIcNS6S),
2-O-sulfate iduronic acid (IdoA2S), and 2-N-sulfo-, 6-O-sulfate glucosamine
(GIcNS6S) (AUA2S-GIcNS6S-IdoA2S-GIcNS6S), was used as a GAG-binding
substrate; its x-ray structure has been determined elsewhere (32). The HS
molecule is shown in stick form wrapped around the HBS, revealing close
multiple ionic interactions. C, molecular dynamics simulation of HBS in the
presence of HS, including solvent molecules. The structures of both the HBS
and HS show slight modification.
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tion-state NMR spectroscopy, we identified a turn-like twisted
KKPE segment as being critical for specific binding. The K
series mutants, in which Lys residue(s) were added to HBS
whereas the KKPE segment remained intact, were found to
have an extremely high binding affinity for HP. Furthermore, as
demonstrated by in vitro SPR assays and in vivo cell adhesion
and competition binding assays, one of the K series mutants,
T22K/A25K, had an affinity of 1.9 X 10" M~ " and still retained
the binding specificity for HP and HS on the cell surface. Taking
these results together, we therefore conclude that the turn-like
structure provided by the KKPE segment is required in the vac-
cinia viral envelope protein A27 for specific HP binding.

Cardin and Weintraub (37) examined the amino acid
sequences of HP-binding proteins and reported that certain
amino acids could fold into either a-helices or 3-sheets, gener-
ating a linear array of cations that facilitates the interaction with
anions on a sulfated polysaccharide (38). In addition, the HP-
binding proteins were found to contain two binding consensus
sequences, namely XBBXBX and XBBBXXBX, in which “B” is a
basic amino acid (Arg, Lys, or His) and “X” any type of amino
acid. In both consensus sequences, the basic residue(s) are
sandwiched between noncharged residues. It should be noted
that the double Lys mutant T22K/A25K reported here con-
tained an HP-binding motif (XBBXBBBXXXBB), which is a
superimposition of the two binding consensuses. Here, we
interpret the extremely high binding affinity for HP of the dou-
ble mutant T22K/A25K as being due to the consecutive HP-
binding motifs. Although HP binding affinity is in principle
dependent on the positively charged residues within the HBS,
the specificity of T22K/A25K for HP was primarily due to the
KKPE peptide segment present in the HBS. Only with the KKPE
segment intact can we generate an sA27-aa mutant that has
both extremely high HP binding affinity as well as HP binding
specificity. Analogous HP-binding consensus sequences
“DPKR” and/or “KKDPE” are found in several HP-binding pro-
teins, such as fibroblast growth factor (39, 40), purpurin (22),
and retinol-binding protein (41, 42). Given the sequence
homology, we postulate that an “APBB” or “BBAPA” motif, in
which “P” stands for a Pro residue and “A” for one of the acidic
amino acids (Asp or Glu), might regulate HP binding
specificity.

The binding affinity of a synthesized 14-mer HBS peptide to
HP was considered to be weak with a low binding constant
(Kp = 0.35 £ 0.10 mm) determined from chemical shift pertur-
bations in HP NMR titration experiments (supplemental Fig.
S4). Chemical shifts assigned for the synthesized HBS 14-mer as
well as the HBS in recombinant sA27-aa showed small pertur-
bations in the presence of HP. We ascribed these small pertur-
bations to the fact that the mechanism of HP binding was
enthalpy-driven, inducing no substantial but small change in
local conformation. Indeed, in our previous thermodynamic
studies using isothermal titration calorimetry (21), we deter-
mined thermodynamic parameters for the interaction of
sA27-aa with HP and found a negative enthalpic term of —2150
cal mol™ " and a small positive entropic term of 15.4 cal K™!
mol ™}, indicating that sA27-aa/HBS binding to HP is enthalpy-
driven. This is consistent with the formation of energetically
favorable electrostatic interactions between the positively
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charged side chains of HBS and the negatively charged sulfate
groups of HP. Similar thermodynamic phenomena were found
in other HP-binding proteins, such as human immunodefi-
ciency virus, type 1, TAT protein and fibroblast growth factor
(26,27).In sA27-aa, the small increase in entropy suggested the
local conformation in HBS was only slightly changed (discussed
below). This may explain why the chemical shift perturbations
observed by NMR were rather small.

The structural information from our molecular modeling of
HBS provides the basis for designing highly potent inhibitors of
viral attachment to the cell surface. As indicated (Fig. 6), the
arrangement of side chains restricts the size and the shape of
the substrate such that only an a-helical structure of a particu-
lar dimension is able to fit. A tetrasaccharide, AUA2S-
GIcNS6S-IdoA2S-GIcNS6S, can fit well into this binding
pocket forming strong specific cooperative ionic interactions.
A number of residues in the HBS are found within hydrogen
bonding distance of the carboxyl groups in the tetrasaccharide
molecule, in particular, between 'H of Lys®® and O-1 of
4GIcNS6S, "HN of Ala®® and O-6 of 31doA2S, 'HN of Lys®' and
0-6 of 31doA2S, and *H¢ s of Arg®* and O-6 of IAUA2S. These
hydrogen bonds reinforce the molecular interactions between
HBS and HS. We speculate that HS binding induces a mild side
chain rearrangement in the HBS of vaccinia viral protein A27.
To determine whether HS binding would induce a conforma-
tional change in sA27-aa, we performed chemical shift analysis
of a mixture of a 14-mer HBS peptide and HP. Most chemical
shifts were basically unchanged, the 'H chemical shifts differing
by 0.05 ppm or a little more for only a few resonances, i.e. the
'HN resonances of Ala®®, Lys®®, Lys*”, and Ala®*°. The upfield
shifts might imply that the secondary structure was altered
slightly due to the presence of HS. Of these residues, Lys*’
showed the most significant change (see Table 3 and Table
4), in agreement with the chemical shift perturbation data
observed by HSQC spectra (see Fig. 3F). In addition, there
were slight modifications in the arrangement of the side
chains of Lys and Arg residues. As indicated by the HBS-HS
complex model, a slight distortion was observed in the Lys>’
side chain, causing it to approach that of Glu*’, and as a
result of a slight backbone distortion, Lys®*® and Lys*' coop-
eratively form a “molecular click” that locks in the HS mol-
ecule. The interplay of Glu®®, Lys*®, and Lys®! is critical for
specific HS binding. This might explain why E29K had an
even higher association rate constant than T22K and A25K
and yet a fast dissociation rate constant comparable with
nonspecific binding (see Tables 1 and 2).
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