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ABSTRACT: Vascular endothelial growth factor (VEGF) is an angiogenic
protein with neurotrophic and neuroprotective effects. Previously, we
reported that triamterene (Trm) inhibits VEGF—amyloid § (Ap)
interactions without affecting other biological activities of VEGF or Aj
[Jeong, K-W., et al. (2011) Biochemistry S0, 4843—4854]. We further
showed that molecular motions in the N-terminal disordered loop region of
the heparin-binding domain (HBD) are important for interaction with Trm.
To investigate the importance of motion at the C-terminal domain of HBD,
we constructed a binding model of HBD with heparin octasaccharide (HOS)
based on measurements of chemical shift changes and docking studies.
Furthermore, the dynamic properties of the HBD—HOS and HBD—Trm—
HOS complexes were assessed by measuring spin relaxation rates. The
results showed that the HOS-binding site is composed of two basic clusters

consisting of side chains of residues R13, R14, and K15 and residues K30, R3S, and R49. When HOS binds, values for the
heteronuclear nuclear Overhauser effect near HOS-binding sites increased dramatically. CPMG (Carr—Purcell-Meiboom—Gill
sequence) experiments as well as an R, relaxation experiment were undertaken to understand millisecond time-scale motions in
HBD. There is large relaxation dispersion of residues at Trm- and HOS-binding sites in free HBD. C-Terminal residues such as
S34, C48, and D51 near the HOS-binding sites continued to exhibit slow conformational motions in the HBD—Trm complex,
while those slow motions disappeared in the bound conformation of HBD with HOS. Collectively, our results demonstrate that
the inherent structural flexibilities of the C-terminal region of the HBD are important in the heparin binding process and that
Trm does not inhibit VEGF—heparin interactions necessary for the biological activities of VEGF.

Vascular endothelial growth factor (VEGF) is an essential
growth factor that plays a key role in most aspects of
vascular development and function. VEGF is also a key
regulator of pathological angiogenesis, which is involved in
cancer, rheumatoid arthritis, and retinopathy.' > VEGF is a
disulfide-linked homodimer that is expressed as different
isoforms ranging in size from 121 to 206 residues in humans
(VEGF,;, VEGF 45, VEGFg, and VEGF,) through alternate
mRNA splicing.”” VEGF variants are variably expressed in
different tissues, but all mediate mitogenic actions, regulate
vascular permeability in endothelial cells, and are the main
regulators of hypoxia and tumor-induced angiogenesis.® To
date, the best-characterized VEGF isoform is the 165-amino
acid form (VEGF ;). Structural studies of VEGF have been
performed by a number of researchers. Muller et al. was the first
to determine the three-dimensional (3D) structure of VEGF in
1997 using X-ray crystallography.” VEGF 4 consists of two
domains: a receptor-binding domain, which is present in all
four isoforms of VEGF, and a short C-terminal heparin-binding
domain (HBD) that distinguishes VEGF,45 from the other
isoforms. '

Heparin binding is important for the activities of VEGF,
regulating mitogenic activity, tube formation, and VEGF—
receptor binding.u_13 As shown in Figure 1B, the HBD
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contains two clearly defined subdomains: the N-terminal
subdomain (residues 1—29) and the C-terminal subdomain
(residues 29—55).'*'> The HBD of VEGF, which has no
significant sequence or structural similarities to other known
proteins,"'"'* is highly flexible because of its lack of a
hydrophobic core; its folding appears to be dominated by four
disulfide bonds.'* Tt also has a highly basic surface that is
thought to serve as a heparin-binding site.'*

VEGF 4 is a heparin-binding growth factor, and the binding
of VEGF 4 to cell surface receptors on vascular endothelial
cells is strongly modulated by cell surface-associated heparin-
like molecules. Heparin is a highly sulfated polysaccharide
consisting of a repeating disaccharide structure like that found
in other glycosaminoglycans. Heparin exhibits a high degree of
heterogeneity because of variations in its size and general level
of sulfation. Recent in vitro and in vivo studies designed to test
the efficacy of targeting relevant angiogenic growth factors as a
strategy for inhibiting tumor angiogenesis have shown
promising primary results for therapies using heparin- and
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Figure 1. (A) Circular dichroism spectra of free HBD (®) and HBD—
Trm (O), HBD—HOS ('¥), and HBD—Trm—HOS complexes (V) in
25 mM sodium acetate (pH $.5) at 300 K. (B) Ribbon structure of the
HBD showing secondary structural elements and four disulfide bonds
(yellow). The N-terminal subdomain (residues 1—29) and the C-
terminal subdomain (residues 29—55) are encircled.

heparin sulfate (HS)-based oligosaccharides.16_19 These
compounds competitively bind to heparin-binding growth
factors, preventing their interaction with cell surface heparin
sulfate proteoglycans (HSPGs) and cytokine receptors, thereby
inhibiting angiogenesis.'® The potential therapeutic benefit of
low-molecular weight heparin (LMWH), a highly sulfated HS,
was observed in preclinical models, where it acted as an
antian§iogenic, antimetastatic, and anti-inflammatory
agent.2 ~25 LMWH, for example, has been demonstrated to
potently inhibit FGF-2- and VEGF-mediated human micro-
vascular endothelial cell proliferation.”**> Recently published
evidence has implicated HS oligosaccharides in the suppression
of endothelial cell migration, tube formation, and signaling
induced by VEGF ¢ and FGF-2.2° Linhardt and colleagues also
have determined that the minimal size of heparin oligosac-
charides for binding to VEGFs; and the HBD under
physiological conditions is an octasaccharide."

The structure of the HBD has been studied by nuclear
magnetic resonance (NMR) spect1‘oscopy.14’15 The N-terminal
region, containing two disulfide bonds (C7—C25 and C10—
C27), is composed of a disordered region from S11 to L17, and
a single two-stranded antiparallel -sheet structure encompass-
ing F18—D21 and K26—C29."* The C-terminal region, which
also has two disulfide bonds (C29—C48 and C36—CS0), is
well-ordered and contains a short a-helix from D33 to A38
packed against a two-stranded antiparallel f-sheet structure
consisting of E42—N44 and R49—D51."* In our previous study,
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we showed that molecular motions in the N-terminal
disordered loop region of the HBD are important for
interactions with the inhibitor triamterene (Trm).*” We
proposed that Trm recognizes the slow motions in the N-
terminal disordered loop region of HBD. Interestingly, residues
at the C-terminus of the HBD still showed slow motions in the
HBD—Trm complex. We also found that Trm inhibited the
binding of amyloid 5 (Af) to VEGF with an ICy, of S0 uM but
did not inhibit binding of VEGF to the VEGF receptor KDR
(kinase insert domain receptor, VEGFR2), implyin_g that Trm
does not affect the biological activity of VEGFE.”” Here, we
investigated the flexibilities at the C-terminal region of the
HBD and found that the inherent structural flexibilities of this
region are important in the heparin recognition process.

B MATERIALS AND METHODS

Expression and Purification of the HBD. VEGF ¢cDNA
was previously cloned into a pRSET-A vector (Invitrogen,
Carlsbad, CA) containing a T7 promoter and an ampicillin-
resistance cassette. The *N-labeled HBD was produced from
the Escherichia coli transformed by the recombinant plasmid in
1 L of M9 minimal medium supplemented with ampicillin and
1 g/L NH,CI (Cambridge Isotope Laboratories, Cambridge,
MA).*® The HBD was purified according to a previously
published method."* The correctly folded, His-tagged HBD was
purified by affinity chromatography using a HiTrap chelating
column. The His tag was removed from the HBD by cleavage
with enterokinase (Invitrogen), and final purification was
achieved by cation exchange chromatography using a HiTrap
SP FF column (GE Healthcare, Uppsala, Sweden) that was
eluted with a 0 to 1 M NaCl gradient. Samples for NMR were
resuspended in 25 mM sodium dj-acetate buffer (pH S.5)
containing 0.02% NaNj.

Circular Dichroism Measurements of the HBD. Circular
dichroism (CD) experiments were performed using a J810
spectropolarimeter (Jasco, Tokyo, Japan) with a 1 mm path-
length cell. The CD spectra of the free HBD, the HBD with
Trm or heparin octasaccharide (HOS), and the HBD with both
Trm and HOS in 25 mM sodium acetate buffer (pH 5.5) at 27
°C were recorded at 0.1 nm intervals from 190 to 250 nm. The
HOS was purchased from iduron [Manchester, UK. (http://
www.iduron.co.uk)]. The peptide concentration was 20 M for
all CD experiments. For each spectrum, the data from 10 scans
were averaged and smoothed using J810 software. CD data
were expressed as the mean residue ellipticity [6] in degrees
square centimeters per decimole.

NMR Experiments and Assignment. All NMR experi-
ments were performed at 27 °C on a Bruker Avance 500 or 800
MHz spectrometer at the Korea Basic Science Institute
(Ochang, Korea). Internal 2,2-dimethyl-2-silapentane-5-sulfo-
nate (DSS) was used as a chemical shift reference of NMR
spectra. The *N-labeled HBD in 25 mM sodium acetate buffer
(pH 5.5) was in 0.4 mM solutions in 0.3 mL of a 9:1 (v/v)
H,0/D,0 mixture for heteronuclear single-quantum coherence
(HSQC) analysis. Chemical shift changes in the 'H—'"°N
spectra of the HBD were obtained by titration with HOS. The
magnitude of the chemical shift perturbation and changes in the
intensities upon binding HOS were utilized to map binding site
residues in the HBD. Two-dimensional NOESY experiments
were also performed to identify intermolecular NOEs between
the HOS and HBD. Mixing times of 250, 400, 600, and 800 ms
were used in collecting NOE spectra for both free and HOS
complex samples.
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Construction of a Binding Model of the HBD—Trm
Complex and HOS. A molecular docking study and molecular
dynamics (MD) simulations were conducted to construct
binding models of the HOS and HBD complex as well as HOS
and the HBD—Trm complex.”” Computations were performed
on a Windows platform using CDOCKER, a CHARMm-based
MD method for ligand docking, in Discovery Studio (DS)
modeling (Accelrys Inc, San Diego, CA).*>' The docking
program was used to find the initial configurations for HOS
with the HBD and HOS with HBD—Trm complex structures.
The initial structural model of the HOS was built via DS
modeling based on its NMR solution structure (Protein Data
Bank entry 1HPN).>> Docking experiments were performed
using a heparin octamer. The repeating disaccharide unit of
heparin was composed of a fully N-, 2-O-, and 6-O-sulfated
iduronic acid [IdoA(2S)] and 6-O- and N-sulfated glucosamine
[GIcNS(6S)]. For docking of HOS, all sulfate groups were
allowed to rotate freely. The Input Site Sphere parameter
specifies a sphere around the center of the binding site, where
the CDOCKER experiment is to be performed. The center of
the sphere was used in the CDOCKER algorithm for initial
ligand placement. The MD-simulated annealing process was
performed using a rigid protein and flexible ligand. The MD
simulation was conducted using the final docking structures
with the Standard Dynamics Cascade Protocol in DS modeling.
For initial minimization, the steepest descent method was
employed to a 0.1 kcal mol™ A™ root-mean-square (rms)
energy gradient and followed by the conjugate gradient method
until the final convergence criterion reached a 0.001 kcal mol™
A™' RMS gradient. Then the whole system was heated from 50
to 300 K in 2 ps and equilibrated at 300 K for 100 ps. One
hundred conformations were collected in a 20 ps production
phase at 300 K.

Investigation of Backbone Dynamics by NMR. NMR
studies utilized the resonance assiﬁnments of the HBD reported
previously by Fairbrother et al.* All relaxation experiments
were conducted on 500 MHz instruments. Protein samples for
all relaxation measurements were dissolved at a concentration
of ~0.7 mM in 25 mM sodium acetate buffer (pH S5.5)
prepared using 10% D,0O and 90% H,0 (at 27 °C).
Ambiguities in resonance assignments of the HOS-bound
HBD and HOS—Trm-bound HBD were resolved by recording
"H-""N nuclear Overhauser effect spectroscopy (NOESY)-
HSQC and 'H—"N total correlation spectroscopy (TOCSY)-
HSQC.>*** NMR spin relaxation experiments were performed
using previously published %radient-selected, sensitivity-en-
hanced pulse sequences.> >’ The longitudinal (R;) spin
relaxation rates were measured with relaxation delays of 0.002
(twice), 0.045, 0.1, 0.2, 0.315 (twice), 0.55, 0.8, and 1.0 s. The
transverse (R,) relaxation rates were obtained with total
relaxation delays of 0.0 (twice), 0.0176, 0.0352, 0.0528
(twice), 0.068, 0.1145, 0.184, and 0.284 s. For R, measure-
ments, temperature-compensatin§ N 180° pulses were
applied during the recycle delay.>® The heteronuclear cross-
relaxation rate was obtained from nuclear Overhauser effect
(NOE) experiments by interleaving pulse sequences with and
without proton saturation. The recycle delay and proton
saturation time in the heteronuclear NOE (hNOE) measure-
ment were 4.5 and 3.0 s, respectively. All relaxation spectra
were acquired with the 'H carrier set coincident with the water
resonance and the "N frequency set to 118 ppm; spectral
widths were 5498 and 1612 Hz in the ¢, and t; dimensions,
respectively, with 2048 and 200 complex points in each
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dimension. A recycle delay of 2.5 s was used in all R; and R,
relaxation experiments. NMR data were processed with
NMRPipe and visualized with Sparky.***® Typically, 35.0 us
>N 90° pulse widths could be achieved with an xyz-gradient-
equipped Bruker TXI ('H, *C, '*N) probe.

The hNOE was determined from the ratio of peak heights
for experiments with and without proton saturation pulses. R;
and R, values were determined by fitting the peak heights using
Curvefit available at the Palmer group’s homepage (http://
biochemistry.hs.columbia.edu/labs/palmer/software/curvefit.
html).

Constant time relaxation-compensated Carr—Purcell-Mei-
boom—Gill (CPMG) experiments were performed under the
following conditions. For the sample at 0.7 mM free HBD and
HBD complex with HOS or Trm and both HOS and Trm,
spectra were recorded on the Bruker Avance 500 MHz
spectrometer.”’ Relaxation dispersion spectra were recorded
as a series of 12 2D data sets with CPMG field strengths, v, of
50, 75, 100, 125, 150 (twice), 200, 250, 300, 400, 500 (twice),
700, and 1000 Hz, and reference spectra were recorded by
omitting the CPMG intervals in the pulse sequence. Each 2D
spectrum was recorded as a complex data matrix comprised of
192 X 1024 points. Twenty-four scans or free induction decays
were recorded using a constant time delay of 40 ms and a
recycle delay of 2.0 s, resulting in a net acquisition time of
approximately 3 h per data set. The intensities of cross-peaks
were then converted into decay rates, ;ff, for a given UCP.42

Isothermal Titration Calorimetry (ITC). ITC experiments
were performed on a high-precision VP-ITC instrument
(Microbial Inc,, Northampton, MA) at 25 °C. All samples
were dissolved in 25 mM sodium acetate buffer (pH 5.5) and
degassed before the measurement. The HOS at a concentration
of 0.5 mM (volume of 300 L) was injected into the
calorimetric cell containing 0.3 mM (volume of 300 uL)
HBD or HBD—Trm complex. Also, the Trm at a concentration
of 0.5 mM was injected into the calorimetric cell containing 0.3
mM HBD or HBD—HOS complex. Exhaustive cleaning of the
cells was undertaken before each experiment. The calorimetric
titration curve for ligand was determined by titrating ligand
with protein. After thermal equilibration, the typical titration
involved injections of protein into the sample cell containing
ligand every 4 min with constant stirring at 250 rpm. The heat
evolved after each ligand injection was obtained from the
integral of the calorimetric signal.

B RESULTS

CD Measurements of the HBD Complexed with HOS
and Trm. The CD spectrum of the free HBD as shown in
Figure 1A shows a negative band at approximately 195—200
nm, indicating that the HBD does not have stable secondary
structures. We previously confirmed on the basis of CD
measurements that the f-sheet structure of the HBD is
stabilized by complexation with Trm. As shown in Figure 1B,
the tertiary folding of the HBD might be maintained by four
disulfide bonds (C7—C25, C10—C27, C29—C48, and C36—
CS0) present in this domain. Here, we investigated the effect of
HOS binding on the secondary structure of the HBD by
analyzing CD spectra. As shown in Figure 1A, compared to the
HBD—Trm complex, the addition of HOS did not change the
CD spectrum of the HBD much compared to that of Trm,
implying that HOS did not have a significant influence on the
secondary structure of the HBD, while Trm stabilized the
secondary structures of the HBD. These results were confirmed
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Figure 2. (A) Overlay of HSQC spectra of the free HBD (black) and the Trm-bound HBD (blue). (B) Overlay of HSQC spectra of the free HBD
(black) and the HOS-bound HBD (red). The HBD:HOS molar ratio was 1:1. (C) Overlay of HSQC spectra of the HOS-bound HBD and the
Trm—HOS complex-bound HBD (green). (D) Peak traces for HOS titration in "H—"SN HSQC spectra. 2D spectra show the signal changes of 0.4
mM HBD (red) with titration of HOS at HOS:HBD ratios of (a) 0:1 (black), (b) 0.3:1 (yellow), (c) 0.5:1 (sky blue), (d) 0.7:1 (blue), and (e) 1:1.

Shifts in the paths of peaks are denoted with green arrows.

by the chemical shift index of C,H as shown in Figure S1 of the
Supporting Information. The chemical shift index of C,H of
the free HBD is very similar to those of the HBD—HOS
complex, but the HBD—Trm and HBD—Trm—HOS complexes
have more stabilized secondary structures and have longer
second f-sheet structures compared to those of the free HBD
and the HBD—HOS complex.

Chemical Shift Perturbations of the HBD upon HOS
Binding. A docking model of heparin/HS heptasaccharide and
the HBD has been reported by Robinson et al. using molecular
modeling.** They predicted that the oligosaccharide lies in a
shallow groove consisting of basic residues R14, H16, and K30
on the N-terminal side and R35, R39, and R49 on the C-
terminal side. A site-directed mutagenesis study of the HBD by
Krilleke and colleagues further showed that residues R13, R14,
and R49 are critical for heparin binding and interaction with
VEGF receptors.*™*

We observed large chemical shift perturbations for S11, R13,
L17, and F18 residues in Trm titration experiments (Figure
2A). To determine the HOS-binding site of the HBD, we
performed HOS titration experiments and compared the
backbone 'H and N chemical shifts in '"H-""N HSQC
spectra of the HBD in the presence and absence of HOS.
Overlays of the "H—"*N HSQC spectra of the free HBD and
the HOS—HBD complex (HBD:HOS molar ratio of 1:1) are
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shown in Figure 2B, and the bar graph demonstrating the
chemical shift perturbation is shown in Figure S2 of the
Supporting Information. Using chemical shift perturbation data,
we found that large chemical shift perturbations were clustered
in two regions, R13, R14, and K15 and K30, R3S, and R49,
containing the positively charged residues lysine and arginine.
From this, we concluded that these residues facilitate the
binding of HOS through direct interaction and/or conforma-
tional rearrangements remote from the binding interface.
Figure 2D shows the peak traces of R3S and R49 for HOS
titration in "H—""N HSQC. The NMR signals gradually shifted
in a single direction with the addition of HOS, indicating that
the rate of exchange of ligand between the unbound and bound
states is faster than the NMR time scale. These results imply
that the interaction of HBD with HOS is mediated by basic
residues, results consistent with the earlier biochemical study by
Robinson et al.** To investigate the influence of Trm on the
binding of HOS to the HBD, we added Trm to the HBD—
HOS complex. A comparison of panels A and C of Figure 2
shows that only Trm-binding residues exhibited chemical shift
changes in the HBD—HOS complex, implying that Trm does
not affect the binding of HOS to the HBD. To investigate
whether Trm binding affects the binding affinity of HOS for the
HBD, we measured the binding affinity of HOS for the HBD or
the HBD—Trm complex using ITC. As shown in Figure 3, the

dx.doi.org/10.1021/bi4011682 | Biochemistry 2013, 52, 8823—8832
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Figure 3. ITC data for binding of HOS and/or Trm to the HBD in 25 mM sodium acetate buffer (pH S.5).

K, of HOS for the HBD is 8.2 uM and that for the HBD—Trm
complex 7.9 uM, implying that Trm binding does not affect the
binding affinity of HOS for the HBD. Also, the K; of Trm for
the HBD is 36.3 mM and that for the HBD—HOS complex
23.7 mM, implying that HOS binding does not affect the
binding affinity of Trm for the HBD much, either.

Solution NMR Experiments. We next compared the
dynamic properties of the free HBD and the HBD—Trm,
HBD—-HOS, and HBD—Trm—HOS complexes. The results of
spin relaxation experiments with the free HBD and the HBD—
Trm, HBD—HOS (HBD:HOS molar ratio of 1:1), and HBD—
Trm—HOS complexes are compared in Figure 4. The average
(10% trimmed) R;, R,, and hNOE values for the free HBD
were 2.41 + 0.023, 7.17 + 0.13 s}, and 0.61 + 0.010 unit,
respectively, whereas the corresponding values for the HOS-
bound HBD were 2.37 + 0.066, 8.69 + 0.42 s™', and 0.71 +
0.033 unit, respectively. The average R,/R, ratio for the free
HBD was 2.96 + 0.13, whereas that for the HOS-bound HBD
was 3.67 + 0.43. The HOS-bound HBD has a greater R,/R,
ratio than free HBD does because of its higher molecular
weight. For R,, this difference is highly significant, but R, is
similar in all four cases. This comparatively large increase in R,
and small decrease in R, are expected from the increase in
molecular weight upon binding of a ligand to the HBD.
Correlation times for the HBD and the HBD—Trm, HBD—
HOS, and HBD—Trm—HOS complexes were 5.34 + 0.01, 5.37
+ 0.02, 6.34 + 0.02, and 6.51 + 0.03 ns, respectively, and they
correspond to the relative sizes of these molecules, too. In all
cases, the R, values of residues in the presence of ligand were
greater than that of the free HBD except for residues showing
large R, values (>10 s') due to contributions from
conformational exchange (R,) of the protein on micro-
second-to-millisecond time scales. In the free HBD, many
residues (S11, R13, H16, D21, T24, C2S, C27, S34, Q40, N44,
and C48) showed R, values significantly greater than 10 s™".
The HBD contains four proline residues (6, 9, 22, and 53) and
four disulfide bonds (7—25, 10—27, 29—48, and 36—50). We
have reported that these large R, values (>10 s™') might be due
to loop motion, cis-trans-proline isomerization, or disulfide
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bond isomerization.”” In the HBD—Trm complex, only R,
values of the binding loop region from S11 to F18 were
dramatically decreased. However, in the HOS—HBD complex,
decreases in the extents of conformational exchange of S11
(16.62 to 11.40 s7*), R13 (12.75 to 7.88 s7*), H16 (11.30 to
8.81 s71), D21 (1825 to 10.89 s™!), and T24 (11.45 to 9.63
s7!) at the N-terminus as well as C25 (15.41 to 8.82 s™'), C27
(11.00 to 8.49 s7'), S34 (13.47 to 8.82s7"), Q40 (11.57 to 9.11
s71), N44 (12.92 to 7.99 s7'), and C48 (12.28 to 10.41 s™') at
the C-terminus were observed. In the HBD—Trm—HOS
complex, only D21 and N44 residues showed R, values of
>10 s'. This implies that the extent of conformational
exchange is reduced dramatically upon HOS and Trm binding
and suggests that motions of residues in the disordered loop
region at N- or C-terminal regions in the HBD may be essential
for ligand and/or inhibitor binding.

The residues at both termini in the free HBD and all HBD
complexes exhibited very low hNOE values because of their
flexibilities. The average hNOE value was 0.43 for the free
HBD, which increased to 0.58 for the HOS-bound form. We
found that hNOE values of residues at the Trm-binding site
(S11-F18) were dramatically increased by the binding of Trm.
In the case of the HOS-bound form, substantial increases in
hNOE values were observed for residues R13 (0.53 to 0.76),
R14 (0.55 to 0.64), and K15 (0.62 to 0.74) in the N-terminal
loop region. Notably, at the C-terminal region (residues 30—
55), these values for most residues in the presence of HOS
(average hNOE of 0.75 + 0.030) were higher than those
observed in both free (average hNOE of 0.62 + 0.010) and
Trm-bound (average hNOE of 0.65 + 0.012) forms. These
results imply that HOS mainly binds to the C-terminal region
in addition to residues R13, R14, and K15 in the N-terminal
region. In the HBD—Trm—HOS complex, hNOE values for
both the Trm-binding region (0.81 + 0.034) and the C-
terminal region (0.78 + 0.028) were much higher than those of
the free form, implying that Trm and HOS independently bind
to the HBD and contribute to its stabilization.

To investigate microsecond-to-millisecond motions in the
HBD, we tested the free HBD and the HBD—Trm, HBD—
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Figure 4. Comparison of R, R,, and hNOE values for (A) the free HBD and the (B) HBD—Trm, (C) HBD—HOS, and (D) HBD—Trm—HOS
complexes at pH 5.5. In the case of hNOE data, N-terminal residues 1—5 and C-terminal residue SS exhibited negative values.

HOS, and HBD—Trm—HOS complexes in CPMG experi-
ments. In Figure SA—D, the differences in R values are plotted
as a function of amino acid sequence because chemical
exchange at the protein backbone is evident from these
differences measured at long (v, = 50 Hz) and short (v,
1000 Hz) interpulse delays. 15N CPMG relaxation dlsperswn
[ARS" (1) = RS (v S0 Hz) — RST (v, 1000 Hz)] revealed
that binding of HOS reduced slow time-scale motion,
dramatically decreasing the R, values of the binding epitope
while binding of Trm induced a mild effect relative to that of
HOS. The fitted experimental data for S11, R13, V19, and C48
are shown in Figure SE. The residues that exhibited high R,
values in spin relaxation data of the free HBD underwent
chemical exchanges on a microsecond-to-millisecond time scale
(Figure SA). We also confirmed that the average AR value of
residues S11—-F18 (7.43 s7'), which constitutes the Trm-
binding site, was decreased upon Trm binding (4.43 s™'). Trm
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binding has a significant effect on R, in both N- and C-terminal
domains, with the N-terminus affected to a somewhat greater
extent. The relaxation dispersions of residues at the C-terminus
in HOS-bound HBD, in contrast to those of free HBD and the
Trm—HBD complex, almost disappeared (Figure SC). The
average ARSY value of the free HBD was 4.21 s~', whereas the
corresponding value for the HOS-bound HBD was 2.09 s™'; the
corresponding value for the HBD—Trm—HOS complex was
1.69 s~', implying that the binding of HOS interferes with the
slow conformational motions of the HBD and results in global
stabilization of the protein conformation. Moreover, the
average ARST value of residues at the C-terminus (30—535) in
the HBD—Trm complex was 3.07 s, whereas the correspond-
ing value for the HOS-bound HBD was 1.83 s, In particular,
dramatic decreases in ARSY values were observed for R13
(13.08 t0 0.75 s71), R14 (12.70 to 3.23 s '), N44 (14.90 to 1.88
s71), C48 (11.46 to 4.62 s'), and D51 (15.90 to 1.30 s7*)
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indicate fitted curves.

upon HOS binding. Figure SD shows the RS values of the
HBD in complex with both Trm and HOS, revealing an average
ARST value of 2.09 s7!

The fitted experimental NMR data at 500 MHz for S11, R13,
and H16 are shown in Figure SE. These residues at the Trm- or
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HOS-binding site underwent chemical exchange on a micro-
second-to-millisecond time scale in the free HBD form. In
contrast to those of the free HBD, the level of relaxation
dispersion of S11 was dramatically decreased in the Trm-bound
form, and those of RI3 and C48 were also dramatically
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decreased in the HOS-bound form as a result of conformational
stabilization. Fitted data for V19 in the nonbinding site,
included as a control, showed that the values of RSf (vep) were
invariant to CPMG pulse spacing, indicating that no conforma-
tional motion existed on this time scale (Figure SE). Thus, the
relaxation study provided evidence that slow time-scale motions
near the ligand-binding site may be important for ligand
binding.

Binding Model of HOS and the HBD. It has been
reported that positively charged residues in the HBD are critical
for heparin binding activity. On the basis of the results obtained
from chemical shift perturbation and spin relaxation experi-
ments, we constructed possible models of HBD—HOS and
HBD—Trm—HOS complexes, respectively, using docking and
MD simulations. When HOS binds to the HBD or HBD—Trm
complex, two clustered regions exhibited large chemical shift
perturbations. As shown in Figure 2B, each affected region
contained positively charged residues: R13, R14, and K15 and
K30, R3S, and R49, respectively. Also, hNOE values of these
residues increased and extents of conformational exchange
decreased upon binding of HOS (Figure 4). All HBD atoms
were fixed with the exception of the side chains of the residues
listed above at the HOS-binding surfaces. In addition,
intermolecular NOEs between R13 and H-2 of GIcNS(6S)
and R49 and H-S of GIcNS(6S) were observed, as shown in
Figure 6. Therefore, we applied distance constraints (2.5—4 A)

1.6
GIcNS(6S)5-R49HB3
__ 18
g GIcNS(6S)2-R13HB
T 20 45
5? &
S28HB-V19HB
Q20HB-C25HB
2.2
2.4{ QA40HB2-HA
3.8 3.6
wo-"H (ppm)

Figure 6. 2D NOESY proton spectrum (500 MHz) of the free HBD
(red) and the HBD—HOS complex (black) with a mixing time of 250
ms in 25 mM sodium acetate (pH 5.5) at 300 K. The spectrum is
labeled with some NOEs, including intermolecular NOEs (blue)
between HOS and the HBD.

for the interactions between side chains of these residues and
HOS. The docking model of HOS with the HBD—Trm
complex and the specific interactions between HOS and the
HBD are shown in panels A and B of Figure 7, respectively.
The model of the complex showed that HOS-binding residues
in the HBD are clustered on the side opposite the Trm-binding
site (Figure 7A). HOS and the HBD interact via hydrogen
bonds between the N7 atoms of R13, R14, R35, and R49 and
N¢ atoms of K30 and the sulfate groups of HOS (Figure 7B).
The docking calculation successfully reproduced the expected
electrostatic interactions between HOS and the HBD.
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Heparin A /
octasaccharide ) (
{

Figure 7. (A) Surface model of the HBD in complex with both Trm
(orange) and HOS (cyan) determined by a docking study. (B)
Binding model of the HOS and HBD complex showing hydrogen
bonds and salt bridges (red dashed lines) involving the backbone
amide of K15 and side chains of R13, R14, K30, R35, R46, and R49
with HOS.

B DISCUSSION AND CONCLUSIONS

In a previous study, we showed that Trm inhibits VEGF—Ap
interactions without affecting other biological activities of
VEGF or AB>” On the basis of backbone dynamics and a
molecular docking study of the HBD and HBD—Trm complex,
we suggested that molecular motions in the N-terminal
disordered loop region of the HBD are important for
interactions with the inhibitor Trm.”” Interestingly, despite
binding Trm, residues in the C-terminal region of the HBD still
showed slow motions; therefore, we expected that these C-
terminal motions, which are important for biological function,
would be recognized by heparin molecules. Here, we modeled
binding of HOS to the HBD based on NMR experiments and
docking studies. We also investigated the dynamics properties
of the HBD in complex with HOS and both HOS and Trm and
sought to explain why binding of Trm to the HBD did not
affect the biological function of VEGF ;.

Earlier studies based on docking model and site-directed
mutagenesis predicted that the HBD basic residues R13, R14,
K30, and R49 are critical for interaction with heparin.**
Heparin has a very high negative charge density and has
regulatory effects on the binding of VEGF to its receptor.
Heparin-binding sites should take the form of positively
charged pockets. In our NMR experiments, the residues
showing large chemical shift perturbations in HSQC spectra
are clustered in two regions (Figure 2). Consistent with these
data and previous predictions, each affected region includes
positively charged residues, R13, R14, and K15 and K30, R35,
and R49, respectively. The result of the titration of Trm to the
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HBD—HOS complex also showed chemical shift perturbations
in the titration of Trm to the HBD, implying that Trm does not
effect the binding of HOS to the HBD.

SN NMR relaxation studies of backbone amides yield ANOE
values, large-amplitude motions on nanosecond-to-picosecond
time scales, elucidating the conformational dynamics of a
protein.** Furthermore, slow motions on microsecond-to-
millisecond time scales are related to biologically important
functional processes, such as ligand docking and protein
folding.***” These motions are identified by the R, term,
which indicates exchanges between conformations in various
chemical environments. Internal motions within the free HBD
and the HBD complexed with ligand have been studied using
SN relaxation techniques.

We have reported that the HBD is a highly mobile protein in
which most residues exhibit chemical or conformational
exchanges caused by loop motions and isomerization of proline
residues and disulfide bonds.>” However, the binding of HOS
to the HBD reduced the local dynamics, and the large R, values
(>10 s™') characteristic of certain residues in the free HBD
disappeared in the HBD complex with HOS, implying that slow
motions are closely related to heparin binding (Figure 4). The
R., at N-terminal loop region was reduced in the presence of
Trm and was fully eliminated in presence of both HOS and
Trm; this may be important in inhibitor binding as well as Af
binding. Millisecond-to-microsecond time-scale motions in the
HBD were identified using CPMG experiments (see Figure S).
In particular, the R;ff values of R13, R14, N44, C48, and D51
decreased dramatically upon HOS binding (Figure SA,C). This
predicts that HOS interacts with positively charged side chains
of R13 and R14 as well as the C-terminal residue, R49, reducing
the extent of conformational exchange near the HOS-binding
site of the HBD. The high RS values of residues in the Trm-
binding site (S11—F18) also decreased upon Trm binding
(Figure SB). Thus, a comparative study of dynamics features
between the free HBD and complexes of the HBD with
inhibitor or ligand showed that motions of residues in the
binding site may be correlated to inhibitor—ligand binding.

Studies of binding of heparin-derived oligosaccharides to
VEGF by Linhardt and co-workers showed that the binding
affinity of the oligosaccharide for the HBD increased as the
length of the heparin oligosaccharide increased from HOS (4.8
+ 0.4 uM) to hexadecasaccharide (0.48 + 0.05 uM)."” N44 is
located near the positively charged C-terminal residues R39,
R46, and R49. Therefore, we expected that the motion of N44
would reflect the dynamics in its surroundings, and N44 may
interact with longer heparin oligosaccharides.

Previously, we showed that Trm inhibits the binding of Af to
VEGF but does not inhibit the interaction of VEGF with its
receptor. We also have reported that motions in the disordered
loop region of the N-terminus may be correlated to the binding
of Trm. In contrast, C-terminal residues continued to exhibit
slow conformational motions, even in the HBD—Trm complex,
leading us to conclude that these motions in the C-terminal
region might be important for interactions with heparin
molecules. In this study, we determined binding models of
the HBD or HBD—Trm complex with HOS and investigated
slow motions at the C-terminus of the HBD. These modeling
studies revealed that the flexible C-terminal region of the HBD
plays an important role in the heparin recognition process. As
shown in this study, Trm binding has a much stronger effect on
intrinsic motions in N-terminal domain than in C-terminal
domains, implying that this has a correlation with allowing
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VEGEF to retain its biological function. The information about
the structure and dynamic properties of the HBD provided by
this study demonstrates that the flexibility of the HBD may be
correlated to VEGF function and interaction with inhibitors or
other protein partners.
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