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β-Amyloid (Aβ) is major component of the senile plaques
that are deposited in the brains of patients with

Alzheimer’s disease (AD), the most common form of dementia
among the elderly.1�3 We previously reported that vascular
endothelial growth factor (VEGF) interacts with Aβ with
specificity and high affinity and thereby co-accumulates with
Aβ in the senile plaques of the AD brain.4 Specially, Aβ binds the
55-residue C-terminal domain of the 165-amino acid (aa) VEGF
variant, VEGF165.

5

VEGF is a key regulator of pathological angiogenesis, which is
involved in cancer, rheumatoid arthritis, and retinopathy.6�10 In
addition, VEGF has neurotropic as well as neuroprotective
functions.11�13 The active form of VEGF is a 41�46 kDa
homodimer linked by two disulfide bridges. The overall structure
of the VEGFmonomer has been previously reported to consist of
a central antiparallel four-stranded β-sheet containing a cysteine
knot motif at one end.14�18 There are four variants of VEGF—
VEGF121, VEGF165, VEGF189, and VEGF206—produced from a
single gene through alternative splicing; all subtypes have six
C-terminal residues and share the same 115-aa N-terminus,

which includes the binding sites for VEGF receptors.19,20 VEGF
variants are variably expressed in different tissues, but all mediate
mitogenic actions and regulate vascular permeability in endothe-
lial cells and are the main regulators of hypoxia and tumor-
induced angiogenesis. One of the most abundant isoforms,
VEGF165, binds heparin through a C-terminal, 55-aa-residue
heparin-binding domain (HBD).21

Heparin binding is important for the stability of VEGF;22

it enhances the mitogenic activity of VEGF165, and it is essential
for binding of VEGF165 to the VEGF receptor.23,24 The HBD is
divided into two domains: an N-terminal subdomain (residues
1�29) containing the interface loop region (residues 11�17)
and a C-terminal subdomain (residues 29�55).25 The HBD of
VEGF is structurally unique compared with that of other known
heparin-binding proteins.6,22 It is highly basic, with an estimated
pI of ∼11.3, and contains eight cysteine residues that form four
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ABSTRACT: Vascular endothelial growth factor (VEGF),
which has neurotrophic and neuroprotective effects in addition
to its major role in angiogenesis, interacts with Aβ and
accumulates in the senile plaques of Alzheimer’s disease (AD)
patients’ brains. It is known that Aβ binds to the heparin-
binding domain (HBD) of the 165-amino acid VEGF variant,
VEGF165. In this study, we showed that triamterene (Trm)
inhibits VEGF�Aβ interaction without affecting other biologi-
cal activities of VEGF or Aβ. We investigated the importance of
structural and dynamic features of HBD for its molecular-
recognition processes. The binding model of HBD and Trm
was constructed based on measurements of chemical shift changes and docking study. The results showed that the loop region
(S11�L17) and F18 at the beginning of the first β-sheet in the HBD constitute the inhibitor binding site. The N1 atom of pteridine
ring of Trm forms hydrogen bonding with backbone amide proton of R13, and the phenyl ring took part in a hydrophobic
interaction with the aromatic ring of F18. To investigate the functional importance of the inherent structural flexibility of theHBD in
VEGF, the dynamic properties of free HBD and HBD�Trm complex were assessed by measuring spin relaxation rates, and the
backbone dynamics were investigated bymodel-free analysis. The residues in the disordered loop region of theN-terminus exhibited
conformational exchanges in free HBD, and flexibility of this loop region decreased dramatically upon binding to Trm, suggesting
that Aβ as well as inhibitor may recognize these unique dynamic features of the HBD. Furthermore, C-terminal residues continued
to exhibit slow conformational motions, even in the HBD�Trm complex, implying that these motions at the C-terminus of the
HBDmight be important for interactions with heparin molecules. The flexibility of HBD demonstrated here should be essential for
VEGF function and interaction with other protein partners.
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disulfide bonds. The structure of the VEGFHBDhas been solved
by nuclear magnetic resonance (NMR) spectroscopy.25,26 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 β-sheet structure
encompassing F18 to D21 and K26 to C29.25 The C-terminal
region, which also has two disulfide bonds (C29�C48 and
C36�C50), is well ordered and contains a short R-helix from
D33 to A38 packed against a two-stranded antiparallel β-sheet
structure consisting of E42 to N44 and R49 to D51.25

We have proposed that the accumulation of VEGF on senile
plaques would induce local VEGF deficiency that might con-
tribute to neuronal and cerebrovascular degeneration.4 There-
fore, it will be important to prevent precipitation of VEGF
through the binding with amyloid plaques. We previously
screened various synthetic and natural compounds for materials
that inhibit VEGF�Aβ interactions and potentially alleviate local
VEGF deficiencies. These studies identified triamterene (Trm)
as an inhibitor of interaction between VEGF and Aβ with a
moderate activity (IC50 of 50 μM).27 However, Trm has the
desired quality, that is, inhibition of binding of VEGF with Aβ
without affecting the activity of VEGF. This could be advanta-
geous for treatment of Alzheimer’s disease since VEGF has
neurotropic as well as neuroprotection functions in addition to
the maintenance of healthy blood vessels in the brain. Trm is a
well-known potassium-sparing diuretic that is widely used for the
treatment of edema and hypertension.28We discovered that Trm
binds to the HBD domain of VEGF. Therefore, investigation of
the interaction between HBD and Trm may provide important
information for the development of more potent inhibitors of
VEGF�Aβ interaction which can be used as a therapeutic agent
for Alzheimer’s disease.

Flexibilities in protein conformation are essential for enzy-
matic function, playing key roles in molecular recognition, rate-
limiting conformational transitions, and catalysis.29�32 The time
scales of these protein conformational motions are widely
distributed from picoseconds to seconds, making solution
NMR a suitable technique for analyzing such motions. Here, in
order to understand the importance of structural and dynamic
features of HBD for its molecular-recognition processes, we
proposed a binding model of Trm and HBD based on chemical
shift perturbations and analyzed the dynamic properties of free
HBD and HBD�inhibitor complex using NMR spin-relaxation
techniques. The results showed that the inherent structural
flexibilities of the N-terminal loop region of HBD are important
in inhibitor-recognition process as well as for the binding of Aβ to
VEGF, and this result may provide insight into the development
of more potent inhibitor.

2. MATERIALS AND METHODS

2.1. Binding Assays. Human recombinant VEGF165 was
produced in Escherichia coli and purified as described previously.33

Briefly, refolded VEGF165 was purified by Mono-S cation ex-
change column chromatography (Amersham Pharmacia Biotech,
Arlington Heights, IL) and further purified on a C4 reverse-phase
HPLC column (Phenomenex, Torrance, CA).33 Aβ1�42, pur-
chased from American Peptide Co. (Sunnyvale, CA), was dis-
solved in sterile, deionized, distilled water at a concentration of
1 mg/mL (stock solution) and stored at �70 �C.5 The entire
ectodomain of KDR (kinase insert domain receptor) fused with
the Fc fragment of human IgG1 was cloned into a baculoviral

expression vector and purified by metal-affinity chromatography,
as previously described.34

VEGF165 was immobilized on plastic microtiter wells at a
concentration of 10 nM, and nonspecific sites were blocked with
3% bovine serum albumin in phosphate-buffered saline (PBS)
containing 0.1% Tween-20. For VEGF�Aβ binding assays,
biotinyl-Aβ1�42 (20 nM), alone or in the presence of different
concentrations of Trm, were added to the wells and incubated for
3 h. After removing unbound biotinyl-Aβ1�42, the bound Aβ1�42

was determined using horseradish peroxidase (HRP)-conjugated
streptavidin. For VEGF-KDR-Fc binding assays, KDR-Fc, to-
gether with Trm or epigallocatechin gallate (EGCG; positive
control), was added to the wells with immobilized VEGF and
incubated for 3 h. The VEGF-bound KDR-Fc was determined by
incubating with a rabbit anti-Fc antibody followed by incubation
with an HRP-conjugated anti-rabbit antibody.
2.2. Cytotoxicity Assays. Rat pheochromocytoma (PC12)

cells were grown on poly(D-lysine)-coated dishes in RPMI 1640
containing 10% horse serum, 5% fetal bovine serum, and 1%
antibiotics. Cells were seeded in poly(D-lysine)-coated 96-well
plates at 2� 104 cells/well. Different concentrations of Trmwere
then added to the cells in the presence of Aβ1�42 and incubated
for 24 h. The effect of Trm on Aβ cytotoxicity was determined
using an ethidium homodimer-1-based LIVE/DEAD assay
(Molecular Probes, Eugene, OR), as described by the manufac-
turer. The value obtained for the cells treated with PBS was
subtracted from that of treated cells; 100% cell death was defined
as the value obtained after treatment with 70%MeOH for 30min.
2.3. Aβ Aggregation Assay. The effect of Trm on the

aggregation of Aβ1�42 was determined using a thioflavin T
(ThT) assay, as described previously.35 Briefly, Aβ1�42 was diluted
with PBS to 50 μM in the presence of different concentrations of
Trm and incubated at 37 �C for 1 day. At the end of the incubation,
10 μM ThT in 5 mM phosphate buffer (pH 7.4) containing
150 mM NaCl was added to the aggregation mixture. Thereafter,
fluorescence was measured at excitation and emission wavelengths
of 444 and 485 nm, respectively, using a GeminiEM microplate
fluorescence reader (Molecular Devices, Sunnyvale, CA).
2.4. Determination of Reactive Oxygen Species. The effect

of Trmon the reactive oxygen species (ROS)-generating activity of
Aβ was determined using a fluorescence assay. In this assay, the
oxidant-sensitive fluorescent probe 20,70-dichlorofluores-
cein�diacetate (DCF-DA) was added at a final concentration of
20 μM directly to PC12 cells grown on 35 mm dishes and
incubated for 1 h at 37 �C. Then, Aβ (5 μM) was added along
with different concentrations of Trm and incubated for 12 h. After
rinsing cells with serum-free medium, fluorescence was measured
with a confocal microscope (Carl Zeiss, Weimar, Germany) at
excitation and emission wavelengths of 485 and 538 nm,
respectively.
2.5. Expression and Purification of the HBD. VEGF cDNA

was previously cloned33 into a pRSET-A vector (Invitrogen,
Carlsbad, CA) containing a T7 promoter and an ampicillin-
resistance cassette. 15N-labeled HBD was produced from the
E. coli transformed by the recombinant plasmid in 1 L of M9
minimal media supplemented with ampicillin and 1 g/L 15NH4Cl
(Cambridge Isotope Laboratories, Cambridge, MA). The HBD
was purified according to a previously published method.25

Correctly folded, His-tagged HBD was purified by affinity chro-
matography using a HiTrap chelating column. The His-tag was
removed from HBD by cleavage with enterokinase (Invitrogen,
Carlsbad, CA), and final purification was achieved by cation
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exchange chromatography using a HiTrap SP FF column (GE
Healthcare, Uppsala, Sweden) eluted with a 0�1 M NaCl
gradient. Samples for NMR were resuspended in 25 mM sodium
d3-acetate buffer (pH 5.5) containing 0.02% NaN3.
2.6. CircularDichroismMeasurements of theHBD.Circular

dichroism (CD) experiments were performed using a J810
spectropolarimeter (Jasco, Tokyo, Japan) with a 1 mm path-
length cell. The CD spectra of free HBD and HBD complexed
with Trm in 25mM sodium acetate buffer (pH 5.5) at 27 �Cwere
recorded at 0.1 nm intervals from 190 to 250 nm. The peptide
concentration was 20 μM 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 [θ] in deg cm2 dmol�1.
2.7. Analysis of Trm�HBD Binding Using 15N�1H Hetero-

nuclear Single-Quantum Coherence Spectra. 15N-labeled
HBD in sodium acetate buffer were 0.4 mM solutions in
0.3 mL of 9:1 (v/v) H2O/D2O (pH 5.5) for heteronuclear
single-quantum coherence (HSQC) analysis. The Trm stock
solution was prepared in DMSO-d6. Chemical shift changes in
the 1H�15N spectra of the HBD were obtained by titration with
Trm. The magnitude of the chemical shift perturbation and
changes in the intensities upon binding Trmwere utilized to map
binding site residues in the HBD. 2DNMR titration experiments
were conducted in which Trm was added with various protein/
Trm ratios (1:0�1:10). All NMR experiments were performed at
300 K on a Bruker Advance 500 MHz spectrometer at the Korea
Basic Science Institute (KBSI).
2.8. Docking Study. A molecular docking study and molec-

ular dynamic (MD) simulations were conducted to construct a
binding model of Trm and HBD. The docking program Auto-
Dock 3.05 was used to find the initial configurations for Trm and
HBD complex structures. All HBD atoms were fixed, with the
exception of those in a segment of the N-terminal loop region
from S11 to F18. Residues from S11 to R13, and F18, were
unrestrained, whereas residual residues in the N-terminal loop
region from S11 to F18 were fixed, but the side-chain conforma-
tions and orientations remained unrestrained. To deduce the
extent of motion and the errors associated with our estimates, we
applied simple distance constraints (2.2�3.5 Å) between the N1
and N2 of Trm and the backbone nitrogen of R13 in all
calculations. AutoDock calculates the ligand�protein interaction
energies over a grid that encompasses the binding site of the
protein and uses the Lamarckian genetic algorithm to search the
protein�ligand complex with free-energy minimization.36,37 A
distance-dependent function of the dielectric constant was used
to calculate energetic maps; default values were used for all other
parameters. MD simulations, performed in the canonical en-
semble (NVT) at 300 K using the program InsightII/Discover
(Accelrys Inc., San Diego, CA), were carried out using the final
docking structures. All atoms of the system were considered
explicitly, and their interactions were computed using the force
field analysis package, CHARMM. A distance cutoff of 10 Å was
used for van der Waals interactions and electrostatic interactions.
The time step in the MD simulations was 1 fs; MD simulations
were performed for 5 ns. Coordinates were saved every 2 ps.
2.9. Investigation of Backbone Dynamics by NMR. NMR

studies utilized the resonance assignments of the HBD reported
previously by Fairbrother et al.25 Ambiguities in resonance
assignments of Trm-bound HBD were resolved by record-
ing 15N-edited NOESY-HSQC38 and 15N-edited TOCSY-
HSQC.39 NMR spin-relaxation experiments were performed

using previously published gradient-selected, sensitivity-en-
hanced pulse sequences.40�42 The longitudinal (R1) spin-relaxa-
tion rates were measured with relaxation delays of 0.002 (�2),
0.045, 0.1, 0.2, 0.315 (�2), 0.55, 0.8, and 1.0 s. The transverse
(R2) relaxation rates were obtained with total relaxation delays of
0.0 (�2), 0.0176, 0.0352, 0.0528 (�2), 0.068, 0.1145, 0.184, and
0.284 s. For R2 measurements, temperature-compensating 15N
180� pulses were applied during the recycle delay.43 The hetero-
nuclear cross-relaxation rate was obtained from nuclear Over-
hauser effect (NOE) experiments by interleaving pulse
sequences with and without proton saturation. The recycle delay
and proton saturation time in the heteronuclear NOE measure-
ment were 4.5 and 3.0 s, respectively. All relaxation spectra were
acquired with the 1H carrier set coincident with the water
resonance and 15N frequency set to 118 ppm; spectral widths
were 5498 and 1612 Hz in the t2 and t1 dimensions, respectively,
with 2048 and 200 complex points in each dimension. A recycle
delay of 2.5 s was used in all R1 and R2 relaxation experiments.
NMR data were processed with NMRPipe44 and visualized with
Sparky.45 Typically, 35.0 μs 15N 90� pulse widths were achievable
with an xyz-gradient-equipped Bruker TXI (1H, 13C, 15N) probe.
The heteronuclear NOE was determined from the ratio of

peak heights for experiments with and without proton-saturation
pulses. R1 and R2 rates were determined by fitting the peak
heights using the program Curvefit available at the Palmer
group’s homepage (http://biochemistry.hs.columbia.edu/labs/
palmer/software/curvefit.html).
2.10. Model-Free Analysis. Protein amide backbone dy-

namics were characterized by fitting NMR spin-relaxation rates
to one of five semiempirical forms of the spectral-density
function using model-free formalism.46,47 The five models used
to describe the spin-relaxation data are described according to
their corresponding parameters, as previously published.48

Briefly, the five models considered were (1) S2 only; (2) S2

and τe; (3) S
2 and Rex; (4) model 2 plus Rex; and (5) Sf

2, S2, and
τe, the extended two-time scalemodel.48,49 Here, τe is the internal
correlation time; S2 is the generalized order parameter; Sf

2 is the
order parameter for fast motion, with typical correlation time <10
ps; and Rex is the additional line broadening due to assumed two-
site conformational exchange and depends on the equilibrium
site populations, the chemical shift differences, and the rate of
exchange between conformers. Motional parameters were fitted
to the spin-relaxation data using the selection method described
for the program FAST-Model-free developed by Loria and
colleagues48 interfaced with Model-Free 4.16.50 Model selection
was based on the statistical testing protocol described previously
by Mandel et al.51 The programs pdbinertia and R2R1 Diffusion
were downloaded from the homepage of Palmer’s group (http://
biochemistry.hs.columbia.edu/labs/palmer/software/diffusion.
html) for calculating the inertia tensor from PDB coordinates of
the HBD (1KMX26) and final docking structure of HBD
complexed with Trm and diffusion tensor from 15N R2/R1
experimental relaxation data. The criteria for inclusion of resi-
dues in the diffusion tensor estimate relied on the method of
Tjandra et al.52 Since R2 values are loaded with Rex contributions
and most of the microsecond�millisecond exchange in HBD
were caused mainly by due to disulfide isomerization, the data
containing Rex were not included in calculation for calculation of
the diffusion tensor and correlation time.
During the model-free analysis, an axially symmetric

rotational diffusion tensor was used, the N�H bond lengths
were assumed to be 1.02 Å, and the 15N chemical shift anisotropy



4846 dx.doi.org/10.1021/bi2000752 |Biochemistry 2011, 50, 4843–4854

Biochemistry ARTICLE

was assumed to be�160 ppm.53,54 For eachmodel, 300 randomly
distributed data sets were generated. Models were selected by
comparing the sum-squared error of the optimal fit with the 0.05
critical value of the distribution. In cases where F-statistics were
applicable, comparisons were made with the 0.20 critical value of
the distribution.

3. RESULTS

3.1. Differential Effects of Trm on the Interactions of VEGF
with Aβ and the VEGF Receptor, KDR. To investigate the
inhibitory effect of Trm on Aβ binding to VEGF, we used an
avidin�biotin-based microplate assay employing VEGF165 im-
mobilized on 96-well plates. Biotinyl-Aβ1�42 (20 nM), alone or
in the presence of different concentrations of Trm, was added to
wells containing immobilized VEGF165; binding was determined
by monitoring the activity of HRP-conjugated streptavidin. As
shown in Figure 1A, Trm inhibited the binding of Aβ to VEGF
with an IC50 of 50 μM.
We then investigated the effect of Trm on the interaction of

VEGFwith KDR, a cell surface receptor for VEGF that transduces
intracellular VEGF signals. In the KDR-VEGF binding assay, Trm
at concentrations up to 100 μM did not inhibit KDR binding to
VEGF. In contrast, EGCG, a known inhibitor of VEGF,55,56

induced a dose-dependent inhibition of VEGF-KDR binding, and
completely abrogated binding at 100 μM (Figure 1B).
3.2. Absence of an Effect of Trm on Aβ Aggregation,

Cytotoxicity, and ROS-Generating Activity. Because Trm
was found to inhibit VEGF�Aβ interaction, we investigated
the characteristics of Trm in greater detail, focusing on the effects
of Trm on Aβ aggregation and ROS generation—well-known
mechanisms underlying the cytotoxicity of Aβ. Aβ alone induced
∼75% cell death, as measured in a LIVE/DEAD assay. Trm had
no effect on Aβ cytotoxicity (Figure 2A) and was not cytotoxic to
cells at concentrations below 50 μM. An investigation of the
effects of Trm on Aβ aggregation and Aβ-induced ROS genera-
tion, which are closely related to its toxicity, showed that Aβ
alone readily formed aggregates and generated ROS. However,
the addition of Trm had no effect on either phenomenon, as
shown in Figure 2B,C. Trm alone did not generate ROS, as
shown in Figure 2C.

3.3. CDMeasurements of the HBD.We next investigated the
secondary structures of freeHBD andHBD complexed with Trm
by analyzing their CD spectra, as shown in Figure 3A. The CD
spectrum of free HBD showed a negative band at approximately
195�200 nm, indicating that the HBD does not have stable
secondary structures. As shown in Figure 3B, the tertiary folding
of the HBD might be maintained by four disulfide bonds
(C7�C25, C10�C27, C29�C48, and C36�C50) present in
this domain. HBD complexed with Trm showed shift in CD
spectra around 210 nm, which is characteristic of a β-sheet
structure. These results imply that complexation with Trm
stabilizes the secondary structure of the HBD.
3.4. Chemical Shift Perturbations of the HBD upon Trm

Binding.Chemical shift perturbations of a protein can be caused
by local structural rearrangements that occur upon binding a
ligand. To assess the effects of Trm binding, we performed Trm
titration experiments and analyzed the backbone 15N and 1HN
chemical shift variations by comparing the 1H�15N HSQC
spectrum of free HBD with that of HBD in presence of Trm.
In the case of both free and Trm-bound HBD, nonproline
backbone residues except E12 and R54 could be assigned without
overlapping. Overlay of the 1H�15NHSQC spectra of free HBD
and Trm-complexed HBD (a molar ratio of HBD to Trm of 1:5)
is shown in Figure 4A, and the chemical shift perturbations
calculated by the method of Wuthrich and co-workers57 are
depicted in Figure 4B. When we analyzed the NMR signals of
0.4 mM HBD while titrating Trm at ratios of 0:1, 1:1, 2:1, 5:1,
and 10:1 concentration of Trm with respect to HBD, peaks in
N-terminal loop region showed big chemical shift perturbations.
In Figure 4B, changes in chemical shift upon binding with Trm
are indicated by open bars. Large chemical shift perturbations
(>0.1 ppm) indicated by black bar were observed for S11, R13,
L17, and F18 residues. In the case of R14 and K15, there were
very little change in chemical shift upon binding Trm. Peaks of
S11, R13, R14, and H16 in HSQC spectra of HBD completely
disappeared with addition of Trm at the ratio of 10:1 of Trm with
respect to HBD. Notably, the NH peak of L17 and F18 remained
at this ratio. Figure 4C shows the peak traces of S11, L17, F18,
and L41 for the Trm titration in 1H�15N HSQC. The NH peak
of L41 as a control did not show any changes in chemical shift
with Trm while NH peak of S11, L17, and F18 showed large

Figure 1. Inhibitory effects of Trm (A) on the binding of Aβ to VEGF and (B) on VEGF-VEGFR (KDR) interactions. For VEGF�Aβ binding assays,
biotinyl�Aβ1�42 (20 nM), alone or in the presence of different concentrations of Trm, were added to wells containing immobilized VEGF165. For
VEGF-KDR-Fc binding assays, KDR-Fc, together with Trm or epigallocatechin gallate (EGCG; positive control), was added to the wells with
immobilized VEGF165.
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chemical shift perturbations. Chemical shift perturbation arose
through fast exchange upon weak binding of Trm to the HBD,
concluding that residues in N-terminal loop region from S11 to
F18 of the HBD constitute the Trm binding site.
3.5. Solution-NMR Experiments. We then compared the

dynamic properties of HBD and HBD complexed with Trm. The
results of spin-relaxation experiments with free HBD and Trm-
boundHBD (amolar ratio ofHBD toTrm of 1:5) are compared in
Figure 5. Because of spectral overlap of resonance of E12 andR54 in
1H�15N HSQC spectra, we could not obtain the relaxation rate
parameters for E12 at the Trm binding site. The average (10%
trimmed) R1, R2, and NOE values of free HBD were 2.41( 0.023,
7.17 ( 0.13, and 0.61 ( 0.010 s�1, respectively, whereas the

corresponding values of bound HBD were 2.49 ( 0.074, 7.33 (
0.25, and 0.67( 0.016 s�1. The average R2/R1 ratio for free HBD
was determined to be 2.98 ( 0.13, whereas that for bound HBD
was 2.94 ( 0.26, implying that the HBD always exists in a
monomeric form. Large R2 values (>10 s�1) were observed for
the backbone N�H of S11, R13, H16, D21, C25, C27, S34, Q40,
N44, C48, C50, and D51 in the HBD spin-relaxation rate data.
These residues are distributed in the N-terminal disordered loop
region, the loop region between the short helix and theβ-sheet, and
regions near proline residues or disulfide bonds. These large R2
values could be due to large contributions from conformational
exchange (Rex) of the protein on the micro- to millisecond time
scale. In the Trm binding loop region from S11 to F18, R2 values of
S11 and R13 were decreased more than 5.0 s�1 upon binding to
Trm while R2 values of R14, H16, and L17 were increased more
than 2.0 s�1 upon binding to Trm. From this, we conclude that
conformational exchange of S11 and R13 was reduced upon
binding toTrm.However,R2 values of someC-terminal subdomain
residues in the 30�55 region, namely S34, Q40, N44, C48, and
C50, were increased by more than 2.0 s�1 upon binding of Trm.
The residues at both termini in free HBD and Trm-bound

HBD have very low heteronuclear NOE values because of
flexibility. In free HBD, the residues in the N-terminal loop

Figure 2. Trm effects on Aβ aggregation and Aβ-mediated toxicity and
ROS generation. Trm has no effect on Aβ toxicity (A), aggregation (B),
or ROS-generating activity (C).

Figure 3. (A) CD spectra of free HBD (filled circles) and HBD
complexed with Trm (open circles) in 25 mM sodium acetate (pH
5.5) at 300 K. (B) Ribbon structure of HBD showing secondary
structural elements and four disulfide bonds in yellow.
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region showed much lower NOE values compared to the other
residues. Notably, binding of Trm to theHBD increased theNOE
values of the residues near the N-terminal loop region, including
the residues from S11 to F18 because of stabilization of the HBD
structure upon binding of Trm. However, heteronuclear NOE
values of C-terminal subdomain residues in the 30�55 region did
not change much upon binding of Trm. Interestingly, most NOE
values of the side-chain amides of glutamine and asparagines were
negative because of their flexibility; however, the side-chain amide
of Q20 and N44 showed positive heteronuclear NOE values
(Figure 6). Tertiary structure determined by NMR spectroscopy
revealed hydrogen bonding between side-chain carbonyls of N44
and backbone NH of R46 and between the side chain of Q20 and
the carbonyl oxygen of G8.25 Also, it was indicated that the side
chain of Q20 participates in hydrophobic interactions with both
disulfide bridges, C7�C25 and C10�C27.25 Therefore, the side-
chain amide protons of Q20 andN44 have high structural rigidity
compared to the side chains of other glutamines and asparagines,
resulting in abnormally high NOE values.
The average value of heteronuclear NOE at the Trm-binding

region from S11 to F18 was 0.593( 0.014 for free HBD and was

dramatically increased to 0.753( 0.034 for the Trm-bound form
of the HBD. These results imply that Trm binds to the
N-terminal loop region of HBD, which becomes more rigid
upon ligand binding, and are consistent with the results of CD
measurements indicating increased stability of the secondary
structure of the HBD�Trm complex.
3.6. BindingModel of Trm andHBDConstructed Based on

Docking Study Results.Using the NMR data, we constructed a
possible model of the binding of Trm and HBD. The 3D
structure of Trm, with a numbering scheme, is presented in
Figure 7A. Upon binding of Trm, peaks of three HBD residues in
the N-terminal loop region—S11, R13, and F18—exhibited
large chemical shift perturbations as well as increase of herero-
nuclear NOE and decrease of conformational exchange as shown
in Figures 4 and 5. The chemical shift perturbation data revealed
that the backbones of S11 and R13 could participate in hydrogen-
bonding interactions. Also, ring current shifts of the aromatic ring
of F18 were apparent, attributable to hydrophobic interaction
with Trm. As the S11 backbone is next to the disulfide bond
C10�C27 and located outward of the loop region in all ensemble
NMR structures of HBD (PDB 1KMX), this backbone cannot

Figure 4. (A) Overlay of HSQC spectra of free HBD in black and Trm-bound HBD in red (a molar ratio of HBD to Trm of 1:5). (B) Chemical shift
perturbations (Δδ = [δH2þ 0.2(δ15N)2]1/2) of 0.4 mMHBD at a molar ratio of HBD to Trm of 1:10.57 Perturbation of S11, R13, R14, and H16 were
plotted at a molar ratio of HBD to Trm of 1:5 because peaks of these residues were disappeared in the HSQC spectra at a molar ratio of HBD to Trm of
1:10. (C) Peak traces for the Trm titration in 1H�15NHSQC spectra. 2D spectra show the signal changes of 0.4mMHBDwhile titrating Trm at ratios of
(a) 0:1 (black), (b) 1:1 (yellow), (c) 2:1 (sky blue), (d) 5:1 (blue), and (e) 10:1 concentration of Trm with respect to HBD (red). Shifting path of the
peaks is indicated by the arrows.
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directly form hydrogen bonds with Trm. To analyze the ring
current shift of F18, we sought to apply distance constraints
(2.5�5 Å) between the F18 ring center and the phenyl ring of

Trm, but steric hindrance was a major problem, with Trm being
pushed away from the active site. Therefore, we applied a
distance constraint to only the R13�Trm interaction. The
docking model and the specific interactions involved are shown
in Figure 7B,C. Trm and HBD interacted via one hydrogen
bonds and one hydrophobic connection. The N1 atom of the
pteridine ring formed a hydrogen bond with the backbone amide
proton of R13. The phenyl ring of Trm participated in a
hydrophobic interaction with the side-chain aromatic ring of
F18. Docking induced a conformational change in comparison to
the structure of free HBD, with a backbone rmsd of 0.209 Å.
Notably, the loop region between S11 and F18 had a backbone
rmsd of 0.491 Å, whereas the all-atom rmsd of this region was
0.675 Å. The S11 backbone was notably perturbed, with an rmsd
of 1.367 Å. The backbones of R13 and F18 did not move to any
great extent; the rmsd values were 0.134 and 0.124 Å, respec-
tively. However, the side chains of these two residues moved
through distances of 1.787 and 0.376 Å, respectively.
3.7. NMR-Derived Dynamics Parameters. Global and site-

specific dynamics information for free HBD andTrm-boundHBD
were obtained by model-free analysis, as described by Cole et al.48

Using an axially symmetric diffusion tensor, we found that the
rotational correlation time, τm, for free HBD and bound HBD
were 5.34 ( 0.01 and 5.37 ( 0.02 ns, respectively, with corre-
sponding D )/D^ ratios of 1.38 and 1.25. Estimates of τm values
suggested that binding of Trm does not cause HBD oligomeri-
zation.
We also determined the order parameter, S2, describing the

degree of spatial restriction of the backbone N�H bond vector
by model-free analysis (Figure 8). The values of S2 are colored
onto the ribbon structure of HBD (1KMX26), and the values of
Rex for the residues are shown with a larger ribbon diameter in
Figure 9. The average S2 value of theHBDwas 0.755( 0.013 and

Figure 5. Comparison of R1, R2, and NOE values for free HBD (filled
circles) and HBD complexed with Trm (open circles) at pH 5.5, at a
molar ratio of HBD to Trm of 1:5. In the case of NOE data, N-terminal
residues 1�5 and C-terminal residue 55 exhibited negative values.

Figure 6. NOE values of side-chain amide resonances of asparagine and
glutamine residues in the HBD.

Figure 7. (A) 2D structure and numbering scheme of the Trm. (B)
Overall structure of the HBD�Trm complex determined by docking
studies. (C) Surface model illustrating the Trm bound to the N-terminal
disordered loop region of theHBD. Bindingmodel of the Trm andHBD
showing hydrogen bond interaction (black dashed lines) involving
backbone amide of R13 and hydrophobic interaction of the aromatic
ring of F18 with Trm.
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that of the bound form was 0.810( 0.031, implying that binding
of Trm renders the HBD more rigid by decreasing the overall
internal motion.
The S2 values for the residues near Trm-binding sites were

most dramatically affected by Trm binding. For example, the S2

value for R13 was increased from 0.615( 0.020 to 0.987( 0.038
and from 0.843( 0.009 to 0.978( 0.014 for F18. Unfortunately,
S11 was not described by any model in free HBD. However, the

S2 value for that in bound form exhibited 0.897 ( 0.070 greater
than average S2 value (0.810 ( 0.031).
In the case of free HBD, most residues participating in

secondary structure exhibited average S2 values in the range of
0.780�0.860. The lowest S2 value (0.615 ( 0.020) at the loop
region of the N-terminus from S11 to F18 is consistent with the
NOE values obtained in solution-NMR experiments. The lower
time scale (microsecond�millisecond) motions were also cap-
tured from the model-free analysis. The values of Rex greater than
0.5 s�1 are shown in Figure 8. In free HBD, 11 residues at N- and
C-terminal subdomains showed slow conformational motions
(Rex > 2.0 s

�1). However, the slowmotions of residues R14, K15,
H16, and F18 at theN-terminal subdomain near the Trm binding
site disappeared upon binding of Trm, whereas slow exchange at
the C-terminal region persisted upon Trm binding. It appears
that binding of Trm interfered with the slow conformational
motions of theHBD at theN-terminal subdomain and resulted in
structural stabilization of the HBD.

4. DISCUSSION AND CONCLUSIONS

VEGF plays a major role in angiogenesis and also has
neurotrophic and neuroprotective effects. Structural studies of
VEGF have been performed by a number of researchers. Muller
et al. were the first to solve the 3D structure of VEGF, excluding
the HBD in 1997 using X-ray crystallography.58 The structure of
the HBD of VEGF165 was determined by Fairbrother et al. and
Stauffer et al. using NMR spectroscopy.25,26 VEGFs stimulate
cellular responses by binding to tyrosine kinase receptors on the
cell surface, such as the VEGF receptors Flt-1 (VEGFR-1) and
KDR (VEGFR-2), members of the VEGF coreceptor family, and
neuropilins. Extensive studies have revealed that complex struc-
tures are formed by these interactions between VEGFs and their

Figure 8. Optimized model-free parameters S2 and Rex for (A) free HBD and (B) HBD complexed with Trm at a molar ratio of HBD to Trm of 1:5.
Secondary structure is shown above the data plot with rectangles indicating R-helical (black box) and β-sheet regions (gray box).

Figure 9. Spatial location of NMR-derived dynamics parameters of (A)
free HBD and (B) HBD complexed with Trm. S2 value-ranges are
indicated in different colors in tubular drawings of (A) freeHBD and (B)
HBD complexed with Trm. Color scheme: yellow, S2 > 0.85; orange,
0.65 < S2 < 0.85; dark orange, S2 < 0.65. White indicates proline (6, 9, 22,
and 53) and residues that were not included in model-free analysis.
Residues with Rex > 0.5 s

�1 are shown with larger ribbon diameters. The
figure was prepared using MolMol.72
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receptors.59,60 Because the structural flexibility of the interface
loop region (residues 11�17) is the reason for the poor defining
of 3D structure of HBD, the structure of HBD is excluded in
complex X-ray structure of VEGF and its receptors.25 Inhibition
of receptor activation by VEGF might have important therapeu-
tic applications in diseases such as diabetic retinopathy and
cancer. This potential has motivated the development of anti-
VEGF antibodies and receptor-blocking peptides to suppress
tumor growth and treat angiogenesis-related diseases.61�65

VEGF interacts with Aβ and accumulates in the senile plaques
of AD patients’ brains. This interaction has been proposed to lead
to local deficiencies in available VEGF, giving rise to the hypothesis
that the resulting loss of the protective effect of VEGF is
responsible for, or contributes to, this neurodegenerative disorder.6

It is known that Aβ binds to the HBD of VEGF165 but not to the
HBD of other growth factors,5 implying that Aβ recognizes unique
structural features of this VEGF165 domain. In a previous study, we
screened polypeptides and various other molecules, such as
EGCG-like molecules, with the goal of identifying inhibitors
capable of interacting with VEGF and blocking Aβ binding.27 In
particular, we sought inhibitors that interacted with the N-terminal
side of the HBD of VEGF or, alternatively, with Aβ to disrupt
VEGF�Aβ binding. These screens identified the inhibitor mole-
cule Trm.27 In the current study, we showed that Trm inhibits
VEGF�Aβ interaction without affecting other biological activities
of VEGF or Aβ. These results were confirmed by NMR experi-
ments and docking studies, which showed that Trm binds to
N-terminal loop region of the HBD.

In NMR experiments, the peaks corresponding to S11, R13,
L17, and F18 showed large chemical shift perturbation (>0.1
ppm) in HSQC spectra. The signals on adding Trm to 0.4 mM
HBD gradually shifted in one direction until the peaks of S11,
R13, R14, and H16 were disappeared completely from the
HSQC spectrum upon 4 mM of Trm added, indicating that
Trm binds in a fast-weak binding pattern. The docking model
described in section 3.6 showed that Trm and the HBD formed
one hydrogen bond and one hydrophobic interaction. The N1
atom of the pteridine ring of Trm participated in hydrogen-
bonding interaction with backbone amide proton of R13. The
phenyl ring of Trm and the aromatic ring of F18 formed a
hydrophobic interaction at the proposed Trm binding site. This
hydrogen bond and one hydrophobic interaction contributed to
the binding of Trm to the HBD. Thus, the results of NMR
experiments were well explained by the dockingmodel, and these
interactions provide important information about further devel-
opment of more potent inhibitors of VEGF�Aβ interactions.

Heparin, which has a very high negative-charge density, has
regulatory effects on the binding of VEGF to its receptor.
Heparin-binding sites take the form of a positively charged
pocket and are commonly located on the surface of proteins.22,66

It is known that the site within the HBD of VEGF165 that binds
heparin is composed of R13, R14, and R49, whose side chains
form stable electrostatic interactions with heparin.22,66 This site
is located on the opposite side of our proposed Trm binding site
in the HBD. Our docking and chemical shift perturbation results
showed that the backbone amide of R13 forms a hydrogen bond
with Trm while R14 as well as K15 showed little chemical shift
perturbation upon binding with Trm. Therefore, heparin binding
to the side chain of R14 in the HBD cannot be affected by Trm
binding. In this work, we confirmed that Trm binding to the
HBD did not affect interaction of VEGFwith KDR, implying that
Trm binding to the HBD does not affect heparin binding, either.

This suggests that R13 is much less critical for heparin binding
than are the residues R14 and R49; this interpretation has been
confirmed by mutagenesis experiments.22,66 These latter studies,
which examined the heparin-binding activity of various VEGF164
HBD mutants containing substitutions at positively charged
residues in the vicinity of the heparin-binding site, showed that
the R13A/R14A/R49A triple mutant significantly affected he-
parin binding, dramatically increasing the dissociation constant.
The dissociation constant was also substantially increased in the
R14A/R49A double mutant. Collectively, these data argue that
the side chains of R13, R14, and R49 constitute a potential
heparin-binding surface of the HBD and that residues R14 and
R49 are the critical heparin-binding residues.66

The dynamics of protein molecules is a critical aspect of their
biophysical properties and biological functions, playing an im-
portant role in enzyme catalysis, conformational rearrangement,
ligand binding, and molecular-recognition processes.29�32,67�69

Biological events occur on widely divergent time scales, ranging
from picoseconds to seconds, and solution-NMR spin-relaxation
techniques have emerged as a powerful tool for studying internal
protein dynamics. Here, we analyzed the dynamics of free HBD
and HBD�Trm complexes and investigated the roles of HBD
motional properties in HBD function. The 3D structure of the
HBD in VEGF165 was determined previously by Fairbrother and
co-workers,25 who were also the first to recognize the dynamics
of this domain. Their analysis revealed the presence of highly
mobile residues in the N-terminus (including a disordered loop
region corresponding to residues 11�17) and C-terminus based
on steady-state 1H�15N NOE data. In a subsequent study, the
subdomain orientations of the HBD were improved using
residual dipolar coupling constraints.26 In the current study, we
analyzed spin-relaxation data to provide a detailed view of free
HBD and HBD complexed with Trm. The results revealed that
the HBD is highly mobile, with chemical exchange of the
disordered loop region at the N-terminal subdomain that occur
over micro- and millisecond time frames being critical for
interactions with Trm.

As expected, our analysis showed that residues at N- and
C-termini, which have very low NOE values, appear to undergo
rapid (nanopicosecond) internal dynamics. In accordance with
these data, generalized order parameters in these regions were
low (Figure 8). It is well-known that N-terminal residues (1�6)
are recognized by plasmin for cleavage whereas positively
charged residues in the C-terminal subdomain (K30, R35, R39,
R46, and R49) are recognized by heparin.66 We expect that the
flexibility of the HBD of VEGF is critical for interactions with
other proteins necessary to transduce cell signals. Residues that
undergo slow time scale motion are spread throughout the
protein, as shown in Figure 8. Most exhibit high Rex values,
possibly due to loop motion, cis�trans-proline isomerization, or
disulfide bond isomerization.70,71 The HBD contains four pro-
line residues (6, 9, 22, and 53) and four disulfide bonds (7�25,
10�27, 29�48, and 36�50). Interestingly, the S2 value of the ss-
strand-forming K26 residue was less than 0.7 and was signifi-
cantly lower than that of other ordered regions, implying
disulfide bond isomerization of C25 and C27. The Q40, L43,
N44, E45, R49, and D51 residues, which exhibited chemical
exchange (Figure 8A), are located near positively charged
C-terminal residues K37, R39, R46, R49, and K52, which are
involved in heparin binding.66

We expect that molecular motions in the HBD that are
important for recognition of heparin or other proteins contribute
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to the function of VEGF. Notably, residues in the disordered
loop region of the N-terminus exhibited conformational ex-
changes including R14, K15, H16, and F18 in free HBD that
are important for Trm binding. Average NOE and S2 values of
this loop region showed great flexibility in free HBD but became
more rigid upon binding Trm. Notably, Trm binding was
associated with increased rigidity and the disappearance of
chemical exchanges for residues near the Trm binding site. In
contrast, C-terminal residues continued to exhibit slow confor-
mational motions, even in the HBD�Trm complex. Therefore,
binding of Trm appears to stabilize the N-terminal subdomain,
but not the C-terminal subdomain. Because the experimental
data in this study showed that Trm did not inhibit the interaction
between VEGF165 and its receptor KDR, the Trm binding site is
different from that of heparin. It can further be suggested that
slow time scale motions at the C-terminus of the HBD might be
important for interactions with heparin molecules. These mo-
tions on a slow time scale can participate directly in ligand�
protein-recognition processes. In this study, it was successfully
shown that disordered N-terminal loop region of HBD plays an
important role in molecular-recognition processes. Furthermore,
Aβ may recognize these structural flexibilities as well as the
unique structural features of the HBD of VEGF165. The flexibility
of HBD demonstrated here should be essential for VEGF
function and interaction with other protein partners. Based on
the results obtained here, more potent inhibitors of VEGF�Aβ
interaction which does not disturb the heparin binding to the
C-terminus but recognizes the flexible N-terminal loop region
can be developed as a therapeutic agent for Alzheimer’s disease.
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