
Investigation of the Structural Stability of the Human Acidic Fibroblast Growth
Factor by Hydrogen-Deuterium Exchange†

Ya-Hui Chi,‡ Thallampuranam Krishnaswamy S. Kumar,‡ Karuppanan Muthusamy Kathir,‡ Dong-Hai Lin,§

Guang Zhu,§ Ing-Ming Chiu,⊥ and Chin Yu*,‡

Department of Chemistry, National Tsing Hua UniVersity, Hsinchu 30013, Taiwan, Department of Biochemistry,
The Hong Kong UniVersity of Science, Clear Water Bay, Kowloon, Hong Kong, and Department of Internal Medicine,

The Ohio State UniVersity, Columbus, Ohio 43210

ReceiVed May 30, 2002; ReVised Manuscript ReceiVed October 6, 2002

ABSTRACT: The conformational stability of the human acidic fibroblast growth factor (hFGF-1) is
investigated using amide proton exchange and temperature-dependent chemical shifts, monitored by two-
dimensional NMR spectroscopy. The change in free energy of unfolding (∆Gu) of hFGF-1 is estimated
to be 5.00( 0.09 kcal‚mol-1. Amide proton-exchange rates of 74 residues (in hFGF-1) have been
unambiguously measured, and the exchange process occurs predominately according to the conditions of
the EX2 limit. The exchange rates of the fast-exchanging amide protons exposed to the solvent have been
measured using the clean SEA-HSQC technique. The amide proton protection factor and temperature
coefficient estimates show reasonably good correlation. Residues inâ-strands II and VI appear to constitute
the stability core of the protein. Among the 12â-strands constituting theâ-barrel architecture of hFGF-1,
â-strand XI, located in the heparin binding domain, exhibits the lowest average protection factor value.
Amide protons involved in the putative folding nucleation site in hFGF-1, identified by quench-flow
NMR studies, do not represent the slow-exchanging core. Residues in portions of hFGF-1 experiencing
high conformational flexibility mostly correspond to those involved in receptor recognition and binding.

Proteins are dynamic and not static systems (1). Proteins
often undergo conformational changes to execute their
biological functions, such as an enzyme reaction or ligand
binding (2). Internal protein dynamics can potentially affect
protein function through a variety of mechanisms, and there
are now several examples of protein-protein and protein-
ligand interactions that illustrate that dynamics may be
intricately linked to function in several ways (3-7). In this
context, the static three-dimensional structures which provide
a description of the ground state of the molecule alone cannot
explain the results from functional biological assays (8). As
macromolecular function(s) is dependent on excursion to
excited molecular states, a comprehensive understanding of
the intramolecular dynamical modes in protein demands
characterization of the energetics and mechanisms of motions
as well as the time scales and amplitudes (9-12).

Hydrogen-deuterium (H/D1)-exchange kinetics (13-15)
and15N spin relaxation (16), monitored by nuclear magnetic
resonance spectroscopy, are powerful tools to study protein
dynamics in relation to protein functions. These two tech-
niques, put together, can report internal motions occurring
in the milli- to submillisecond time regime (1). In particular,

amide proton-exchange measurements could be extended to
obtain valuable information on the free energy relationships
underlying fundamental units of protein structure (17-20).
In addition, as the H/D-exchange measurements can be made
in the absence of denaturants, they are not plagued by the
uncertainties and difficulties often encountered (in the
estimation of thermodynamic parameters) at extreme dena-
turing conditions (21).

Amide protons involved in backbone hydrogen bonds are
proposed to exchange with the solvent according to the
following scheme (22, 23):

wherekop is the rate of opening,kcl is the rate of closing,
andkrc is the intrinsic exchange rate of the protein. Under
native conditions, there is an equilibrium preceding chemical
exchange, with the open conformation being susceptible to
exchange. This behavior is described by the equationkex )
kopkrc/(kcl + krc), wherekex is the observed rate of exchange.
In the usual kinetic limit, known as the EX2 condition, where
structural reclosing is faster than the intrinsic unprotected
exchange rate (kcl . krc), the hydrogen-exchange rate
measured for any given hydrogen (kex) provides the transient
opening equilibrium constant (K ) kex/krc). The free energy
of the determined opening reaction can be calculated as
∆Gex ) -RT ln K (24). Therefore, the measurement of
hydrogen-exchange rates can provide site-specific informa-
tion on the presence or absence of H-bond structure and its
stability, dynamics, and other properties (25, 26).
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Human acidic fibroblast growth factor (hFGF-1,Mr ≈ 16
kDa) plays crucial roles in key biological processes such as
cell growth, angiogenesies, and wound healing (27-30).
High-resolution crystal and solution structures of hFGF-1
show that it is an allâ-sheet protein with 12â-strands
arranged into aâ-barrel architecture (Figure 1;31-35). In
the present study, we investigate the conformational stability
and dynamics of hFGF-1 on the basis of amide proton-
exchange kinetics and temperature coefficient (36) measure-
ments monitored by NMR spectroscopy.

MATERIALS AND METHODS

Heparin-Sepharose was obtained from Amersham Phar-
macia Biotech. Labeled15NH4Cl and D2O were purchased
from Cambridge Isotope Laboratories. Urea-d4 was purchased
from Sigma. All other chemicals used were of high-quality
analytical grade. All experiments were performed at 25°C.

Equilibrium Unfolding.Urea-induced unfolding of hFGF-1
was performed using fluorescence spectroscopy on a Hitachi
F-2500 spectrofluorometer at 2.5-nm resolution, using an
excitation wavelength of 280 nm. A 25µg/mL concentration
of hFGF-1 in 100 mM phosphate buffer (pH/pD 6.0) in H2O/
D2O containing 200 mM ammonium sulfate was used for
the unfolding experiments.

Expression and Purification of15N-Labeled hFGF-1.
Residues are numbered according to their position in the
primary structure of the 154-amino-acid hFGF-1. The
expression vector for the truncated form of the human FGF-1
(hFGF-1, residues 15-154) was constructed and inserted
between theNdeI and BamHI restriction sites in pET20b-
(+). Escherichia coliBL21(DE3)pLysS, harboring pET20b-
(+)-hFGF-1, was cultured in minimal medium containing
15NH4Cl. Recombinant protein was purified on heparin-
Sepharose using a gradient (0-1.5 M NaCl). Protein expres-
sion yields were in the range of 25-30 mg/L. The extent of
15N labeling was verified by electron spray-mass analysis.

Measuring Temperature Coefficient.15N-Labeled hFGF-1
was prepared in 10% D2O/90% H2O in 100 mM phosphate

buffer and 100 mM ammonium sulfate at pH 6.5. The sample
was concentrated to∼1.5 mM by a centricon (Millipore).
All spectra were acquired on a Bruker DMX-600 spectrom-
eter. Spectra were recorded with 16 transients of 2048 data
points and 128t1 increments. For the determination of the
NH temperature coefficient,1H-15N HSQC spectra were
recorded from 288.5 to 306 K at 2.5Κ intervals. The probe
temperature was calibrated by measuring the peak separation
(in ppm) between the OH and CH3 resonances in 100%
methanol. Proton chemical shifts were referenced to 3-tri-
methylsilylpropionate-2,2,3,3-d4 sodium salt (TSP), and15N
chemical shifts were referenced using the consensus ratio
of 0.0101329118. All spectra were processed on a Silicon
Graphics workstation using UXNMR, AURELIA, and
SPARKY software.

Measuring Amide Proton-Exchange Rate.Protein solution
was prepared in 100 mM phosphate buffer and 200 mM
ammonium sulfate at pH 6.0 and pH 7.0. The sample was
concentrated to∼1.5 mM by ultrafiltration (Millipore) and
dried by lyophilization. H/D exchange was initiated by
dissolving dry protein in 10 mM phosphate-buffered D2O at
pD 6.0 and pD 7.0 (at 25°C), respectively. All NMR data
acquisition parameters were preset using a mock sample, and
sample pH was measured after the experiment to minimize
the dead time. The first1H-15N HSQC spectrum was
acquired after 8 min of initiation of exchanges. Spectra were
recorded with 8 transients of 2048 data points and 64t1
increments. Fifty spectra were collected in 48 h with various
time points, and another eight spectra were collected in 1265
h.

Amide Proton-Exchange Analysis.The peak heights in the
two-dimensional spectra were measured using the peak-
picking subroutine and referenced internally to a non-
exchangeable resonance aliphatic proton in one-dimensional
1H spectra. To determine rate constants for exchange, NH
resonance intensities (I) as a function time (t) were fit to a
single-exponential function,I ) Io exp(-kext) + C, where
Io is the initial intensity,kex is the rate constant of exchange,
andC is the final amplitude. The protection factors (P) for
the various amide protons in the protein were estimated on
the basis of the method reported by Bai et al. (24), using the
equationP ) krc/kex, wherekrc andkex represent the exchange
rates of the protein in the random coil and native conforma-
tions states, respectively. As reported by Bai et al. (24), the
hydrogen-exchange rates of amide protons in nonstructured
peptides, termedkrc, are estimated by referencing an alanine-
based peptide (poly-DL-alanine, PDLA) at low ionic strengths
at 20°C. The free energy of exchange of the amide protons
was calculated from the equation∆Gex ) -RT ln(kex/krc),
whereR is the gas constant andT is the absolute temperature
at which the exchange was monitored.

Clean SEA-HSQC Experiments.Clean SEA-HSQC experi-
ments were performed on a 1.0 mM uniformly15N-labeled
sample of hFGF-1 in 100 mM phosphate buffer and 200 mM
ammonium sulfate in 90% H2O/10% D2O at pH 6.0 (37).
All the two-dimensional NMR experiments were performed
on a Varian Unity INOVA 750 MHz spectrometer at 25°C.
The mixing times (τm) used for the experiments were 20,
35, 50, 75, 100, and 150 ms. The prescan delay was 2.0 s,
and each spectrum was collected with 128 transients of 2048
real points and 256t1 increments. The peak heights in the
two-dimensional1H-15N HSQC spectra were measured

FIGURE 1: MOLSCRIPT representation of the structure hFGF-1.
The secondary structural elements in the protein include 12
â-strands arrayed into aâ-barrel architecture. The circled numbers
in the figure indicate the individualâ-strands in the protein.
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using the peak-picking subroutine. To determine rate con-
stants for exchange, NH resonance intensities (S) as a
function of mixing time (τm) were fit to an exponential
function (38), S/Sref ) [kex/(R1A + kex - R1B)]{exp(-R1Bτm)
- exp[-(R1A + kex)]τm}, whereSref is the reference peak
intensity in the normal1H-15N gradient-enhanced HSQC
spectrum,kex is the H/D-exchange rate constant,R1A is the
combination of longitudinal relaxation and transverse relax-
ation rates of amide protons, andR1B is that of water
molecules.

RESULTS AND DISCUSSION

Equilibrium Unfolding of hFGF-1.The fluorescence
spectrum of hFGF-1 in the native conformation shows an
emission maximum around 308 nm (Figure 2, inset). The
fluorescence of the lone tryptophan residue located at position
121 of the amino acid sequence is completely quenched in
the native state of the protein (30, 39, 40). The quenching
effect is attributed to the presence of imidazole and pyrrole
groups in close proximity to the indole side chain of Trp121
in the three-dimensional structure of hFGF-1 (33, 40).
However, the quenching effect is relieved upon unfolding,
and the fluorescence spectrum of hFGF-1 in the unfolding
state shows an emission maximum around 350 nm (Figure
2, inset; 30, 39, 40). Hence, the conformational changes
occurring during the unfolding/refolding of the protein could
be reliably studied by monitoring changes in the 350/308-
nm fluorescence.

Urea-induced equilibrium unfolding of hFGF-1, monitored
by steady-state fluorescence spectroscopy, shows that the
protein unfolds reversibly with aCm (concentration of urea
at which 50% of the molecules exist in the unfolded state)
of 2.67 ( 0.09 M (Figure 2). Them value, which is a
measure of the cooperativity of the unfolding process, is
estimated to be 1.60( 0.07 kcal‚mol-1‚M-1. The unfolding
profile of hFGF-1, obtained by monitoring the ellipiticity
(within experimental error) changes at 228 nm, superimposes
well with the unfolding curve derived using steady-state
fluorescence (data not shown). This aspect implies that the
unfolding of the protein under these conditions follows a

two-state (nativeT unfolded) transition. The free energy
[∆G(H2O)] change for the unfolding process is estimated to
be 4.20( 0.07 kcal‚mol-1.

Proteins generally exhibit higher stability in D2O. For this
reason, the urea-induced equilibrium unfolding of hFGF-1
was also studied in D2O. The ∆G(D2O) (5.00 ( 0.09
kcal‚mol-1) and theCm (2.79( 0.07) values for the unfolding
process in D2O are marginally higher than those in H2O.
The moderate increase in the∆G(D2O) value probably
reflects a small increase in the stability of the native
conformation of the protein in D2O. The increase in the
conformational stability of the native state (hFGF-1) also
appears to increase the cooperativity (m ) 1.80 ( 0.02
kcal‚mol-1‚M-1) of the transition from the native to the
unfolded state(s) (Figure 2).

Relationship between H/D Exchange and Structure.The
1H-15N HSQC spectrum of hFGF-1 (at 25°C) is well-
dispersed, and all the cross-peaks have been unambiguously
assigned (29, 30, 34). Total exchange rates of 74 (out of
120 residues) could be unambiguously followed. Forty-six
main-chain amide protons exchange out within the first 20
min of initiation of exchange, and most of them correspond
to residues located in the unstructured loop regions of the
hFGF-1 molecule (Figure 3A, Table 1). In addition, 11
residues exchange very fast, with rate constants (kex) greater
than 1× 10-2 min-1. Except for Ser61 and Gln77, which
are located at the fringe ofâ-strand IV andâ-strand VI,
respectively, the remaining six residues, which exhibit very
fast rates of exchange (kex > 1 × 10-2 min-1), are located
in the loop regions of the molecule (Table 1). Thirty-seven
residues exchange at a moderately fast rate (2× 10-4 min-1

< kex < 1 × 10-2 min-1). These include many residues
located inâ-strands III, VII, VIII, IX, X, and XI (Table 1).
Eighteen residues exhibit a very slow exchange rate (7×
10-5 min-1 < kex < 2 × 10-4 min-1). The residues which
fall into this category include several residues fromâ-strands
V and XII. Gly85 and Ala143, which are located at the fringe
of â-strands VII and XII, respectively, show strong protection
against H/D exchange (kex ≈ 1 × 10-4 min-1). There are
eight residues which depict extraordinarily high protection
(kex < 7 × 10-5 min-1). These include Arg38, Ile39, and
Leu40 (located inâ-strand II), Tyr78, Leu79, and Ala80
(constitutingâ-strand VI), Leu86 (Figure 3B, inâ-strand
VII), and Leu100 (inâ-strand VIII).

The exchange rates (kex > 1 min-1) of the solvent-exposed,
rapidly exchanging amide protons in hFGF-1 have been
measured using the clean SEA-HSQC technique (37). About
411H-15N cross-peaks, corresponding to the solvent-exposed
fast exchanging amide protons in hFGF-1, could be observed
in the clean SEA-HSQC spectra collected even at a low
mixing time of 20 ms (Figure 4A). These cross-peaks
correspond to the amide protons of Gln91, Glu118, Lys142,
and Ser152 (Figure 4B). Although most of the 46 fast-
exchanging amide protons could be detected in the clean
SEA-HSQC spectra (obtained with mixing times ranging
from 20 to 150 ms), exchange rates of only 18 of these amide
protons could be quantitatively estimated (Table 2, Figure
4). Among the fast-exchanging amide protons (in hFGF-1)
whose exchange rates could be estimated, the amide proton
of Ser153, which is located in the unstructured C-terminal
domain, exchanges most rapidly with the solvent (kex ) 1.43
× 103 min-1).

FIGURE 2: Urea-induced equilibrium unfolding of hFGF-1 in H2O
(O) and in D2O (b). The stability of the protein is observed to
increase marginally in D2O. The unfolding profile was generated
by monitoring the 350/308-nm fluorescence changes in the protein
[in 100 mM phosphate buffer (pH/pD) 6.0 containing 200 mM
ammonium sulfate at 25°C]. The inset shows the fluorescence
spectra of hFGF-1 in the native (N) and denatured (D) states.
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The protection factor(s) estimated from hydrogen-
deuterium-exchange experiments is a useful and reliable
measure to evaluate the degree of protection of an amide
proton against H/D exchange (14, 20-22). The average
protection factors of the 12â-strands constituting theâ-trefoil
structure of hFGF-1 decrease in the order ofâ-strand VI

(478 405( 68 866)> â-strand II (316 990( 29 341)>
â-strand VII (123 032( 4720) > â-strand V (112 332(
3992)> â-strand I (99 707( 1637)> â-strand IX (91 743
( 1704) > â-strand X (64 204( 1083) > â-strand III
(54 150( 1098)> â-strand XII (47 819( 3553)> â-strand
VIII (43 212 ( 7604) > â-strand IV (29 281( 925) >

FIGURE 3: (A) 1H-15N HSQC spectra of hFGF-1 after various time periods of exchange in D2O. (B) Time course of exchange of selected
residues in hFGF-1.
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â-strand XI (20 231( 194) (Figure 5). Among the 12
â-strands in the protein, the average protection ofâ-strand
XI is the least, and this observation is consistent with the
three-dimensional structure of hFGF-1 derived using NMR
spectroscopy (34). The â-trefoil structure of hFGF-1 in
solution is shown to possess 11â-strands instead of 12
â-strands as in the crystal structures (31, 34). The observed
discrepancy between the solution and crystal structures could

be rationalized by the high conformational flexibility (as
indicated by low average protection factor) of residues in
â-strand XI in solution, which in turn eludes observation of
intramolecular NOEs (characterizingâ-strand XI). The
crystal structure of the ternary complex of hFGF-1/heparin/
hFGF-1 receptor (27), and15N chemical shift perturbation
data (41) obtained upon titration of hFGF-1 with structural
analogues of heparin (such as sucrose octasulfate), show that

Table 1: Hydrogen-Deuterium-Exchange Patterns of Residues in hFGF-1

rate constant (kex) range residues

kex < 7 × 10-5 min-1 R38, I39, L40, Y78, L79, A80, L86, L100
7 × 10-5 min-1 < kex < 2 × 10-4 min-1 L28, L37, L58, V68, Y69, I70, S72, D82, G85, F99, I112, F122, V123, A143, I144, L145, F146, L147
2 × 10-4 min-1 < kex < 1 × 10-2 min-1 K26, C30, N32, F36, G43, T44, V45, D46, G47, T48, I56, Q57, Q59, E67, K71, L87, Y88, G89, S90,

C97, L98, E101, R102, N109, T110, Y111, S113, K114, W121, G124, L125, K126, S130, K132,
G134, R136, L149

kex > 1 × 10-2 min-1 H35, D53, H55, Q77, S61, D84, E104, Y108, G129, T137, V151
residues which disappeared in the first K24, S31, G33, G34, D42, R49, D50, R51, S52, Q54, L60, A62, E63, S64, V65, G66, T73, E74, T75,

20 min of exchange G76, M81, T83, Q91, T92, N94, E95, E96, L103, H107, K115, H116, A117, E118, K119, N120,
K127, N128, C131, R133, H138, Y139, G140, K142, S152, S153, D154

FIGURE 4: (A) 1H-15N clean SEA-HSQC spectra of hFGF-1. The clean SEA-HSQC spectrum was acquired with a mixing time of 20 ms.
Most of the 46 cross-peaks corresponding to fast-exchanging, solvent-exposed amide protons could be detected in the spectra. The labeled
cross-peaks represent the fast-exchanging amide protons whose exchange rates could be reliably calculated. (B) Relative intensity (S/Sref)
versus mixing time (τm) plot of selected residues (in hFGF-1) obtained from the clean SEA-HSQC experiments.

15354 Biochemistry, Vol. 41, No. 51, 2002 Chi et al.



the segment comprising residues 126-142 in hFGF-1
constitutes the heparin binding site. In this context, the low
protection factors of most of the residues inâ-strand XI
(Ser130 to Gly134, Figure 5) and the two adjoining loops
(Lys127 to Gly129 and Arg136 to Lys142) bear functional
significance. The high flexibility of residues (in the heparin
binding region) might favor complex formation with the
proteoglycan (heparin sulfate) by lowering the free energy
barrier.

There are significant differences in the average protection
factors of the variousâ-strands. Among the variousâ-strands
in the protein,â-strand VI exhibits the greatest average
protection factor (478 405( 68 866, Figure 5). Ala80, in
â-strand VI, shows an extraordinarily high protection factor.
The amide proton of Ala80 is involved in a hydrogen bond
with Tyr88, located inâ-strand VII (Figure 6). The presence
of this hydrogen bond stabilizes the hydrophobic cluster
(comprising residues inâ-strands VI and VII), with Ala80
located in the middle of the nonpolar core. This aspect might
accounts for the unusually high protection of the amide
proton of Ala80 against H/D exchange (Figure 7A). Simi-
larly, the high average protection factor of residues in
â-strand II could be rationalized by the presence of a network
of hydrogen bonds between Leu37NH and Leu28CO, and
between Leu149NH and Leu27CO (Figures 5 and 6). These
hydrogen bonds forge a hydrophobic patch consisting of
Leu27, Leu28, Tyr29, Phe36, Leu37, Ile39, Leu147, and
Leu149. The tight packing of residues inâ-strand II renders
their amide protons resistant to solvent exchange (Figure 6).
The â-hairpin structure stabilized by two hydrogen bonds,
Arg38NH-Asp46CO and Ile39NH-Lys26CO, effectively
protects the amide protons of residues inâ-strand II (Figures
6 and 7) from the solvent and accounts for their high
protection factors. In summary, the analysis of the protection
factor data has helped in the identification of structural

interactions that contribute to the conformational stability
of hFGF-1.

The Hydrogen-Deuterium-Exchange Mechanism.The free
energy change (∆Gex) estimated from the H/D exchange, in
principle, is expected to be equal to or lower than the free
energy change of unfolding [∆G(D2O)] deduced from the
equilibrium unfolding experiments (using steady-state fluo-
rescence/far-UV CD spectroscopy). However, the majority
of the slowest exchanging protons in hFGF-1 exhibit∆Gex

values larger than the∆G(D2O) value (5.00 ( 0.09
kcal‚mol-1) estimated from equilibrium unfolding experi-
ments. Similar findings have been reported for amide protons
of Saccharomyces cereVisiae oxidized iso-1-cytochromec
(42), cytochromec (43), proteins G B1 and B2 domains (43),
ovomucoid third domain (44), cardiotoin analogue III (45),
ribonuclease T1 (46), and also RNase A under different
conditions (47, 48). The possible sources of discrepancy
could be (1) increased stability of protein in D2O (21) used
in H/D-exchange experiments, (2) exchange of the amide
protons occurring by the EX1 mechanism instead of the EX2
mechanism (49), (3) cis-trans-proline isomerization in the
protein (24), or (4) the presence of residual structure(s) in
the unfolded state(s). In the case of hFGF-1, the first three
possibilities can be ruled out. Proteins have been shown to
be stabilized in D2O (14). However, as the equilibrium
unfolding experiments in hFGF-1 have been performed in
D2O, the∆Gu values (obtained from equilibrium unfolding
experiments) are directly comparable with the∆Gex values
(obtained from amide proton-exchange measurements). This
aspect rules out the possibility that the observed discrepancy
is due to stabilization of the protein in D2O. The exchange
rates of amide protons were measured at two different pDs
(pD 6.0 and pD 7.0). The slope of the logkex(pD 6.0) versus
log kex(pD 7.0) plot is observed to be linear, with a slope of
about 0.9. These results clearly suggest that the slow-
exchanging amide protons in hFGF-1 exchange by the EX2
mechanism. If exchange were to occur by EX1 (resulting in
overestimation of∆Gex), the exchange rates of the amide
protons would be expected to be pH-independent. The third
possibility of cis-trans-proline isomerization contributing
to the observed discrepancy (between∆Gex and∆Gu) could
be discounted because all the six prolines in the native state
of hFGF-1 are shown to be in the trans conformation (34).
In addition, our recent study on the kinetics of refolding of
hFGF-1 (30) revealed that refolding of the protein from the
denatured state(s) does not involvecis-trans-proline isomer-
ization. Although at the present juncture we do not have
direct concrete experimental evidence, we are inclined to
believe that the observed discrepancy between the∆Gex and
∆Gu values (in hFGF-1) stems from the presence of residual
structure(s) in the unfolded state(s). Residual structure(s) (in
unfolded state(s)), in general, would imply that the values
of krc which are calculated on the basis of poly-DL-alanine
reference states are overestimates for the actual chemical
exchange rates. An overestimation ofkrc could result in higher
∆Gex. It should be mentioned that the presence of compact
unfolded state(s) in the protein (hFGF-1) under native
conditions is also consistent with our protection factor data
on the slow-exchanging amide protons (Table 1, Figure 7).
In principle, the amide protons of a fully unfolded protein
should have identical protection factors. However, we
observe that the protection factors for the slow-exchanging

Table 2: Hydrogen-Deuterium-Exchange Rates Measured by Clean
SEA-HSQC Experiments

kex (min-1) kex (min-1) kex (min-1)

K24 28.1( 0.5 G66 121.9( 8.8 Y139 220.1( 2.4
R49 150.4( 7.1 Q91 422.1( 9.9 G140 207.4( 2.9
D50 56.2( 2.5 T92 91.4( 0.4 K142 278.0( 0.5
A62 60.6( 1.4 H107 124.5( 5.7 S152 127.3( 3.0
S64 50.3( 2.9 E118 98.5( 1.8 S153 1429.1( 21.7
V65 86.8( 2.5 N128 38.6( 1.0 D154 101.1( 5.1

FIGURE 5: Average protection factors of variousâ-strands in hFGF-
1. â-Strands II and VI appear to constitute the stable core of the
protein. Residues inâ-strand XI exhibit relatively low protection
factors and constitute a portion of the heparin binding domain.
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amide protons in hFGF-1 cover a range of about 100-fold,
suggesting the presence of residual structure(s) in the
(compact) unfolded states. In addition, recent NMR data
acquired in our laboratory (Yu et al., unpublished data) on
the pH-denatured state(s) of hFGF-1 suggest the presence
of localized regions of residual structure.

Correlation between Temperature Coefficient and Protec-
tion Factor.Amide proton temperature coefficient (∆δ/∆T)
measurements are useful to probe solvent accessibilities of
residues and also to monitor the conformational changes
accompanying a temperature-induced unfolding process (50,
51). The information obtained from temperature coefficient
measurements is complementary to that gained from hydro-
gen-deuterium-exchange studies. In addition, temperature
coefficients are ideal measures of hydrogen bonding, since
they are not very sensitive to pH (52), local structure
fluctuations (53), and the presence of a hydrogen-bonded
carbonyl group that has the same peptide bond as the amide
proton whose exchange is being measured (54). Amide
protons show marked changes in their chemical shift values
with temperature. Amide protons which are not hydrogen
bonded and exposed to the solvent show larger changes in
the chemical shift values than those which are involved in
hydrogen bonding in the protein molecule. In general, the

magnitudes of the temperature coefficients estimate are
inversely related to the relative stability of the residue in
the protein (50, 51). The temperature coefficients of amide
protons serve as indicators for hydrogen bonding, and in
general, values more positive than-4.5 ppb/K are indicative
of the involvement of the amide protons in intramolecular
hydrogen bonding (50, 51).

The chemical shifts of most of the amide protons of
hFGF-1 change linearly with temperature (in the temperature
range of 288.5-306 K). Thirty out of the 114 residues for
which the temperature coefficients could be estimated show
temperature coefficient values more negative than-4.5
ppb/K (Figure 7B). Most of these residues are located in
the unstructured loop regions of the protein. Few residues
located in structured regions such as Ser61 (â-strand IV),
Ala80 (â-strand VI), and Leu86 (â-strand VII) show amide
proton temperature coefficient values more positive than
-0.9 ppb/K (Figure 7B). Interestingly, Ala80 (P ) 1.45×
106) and Leu86 (P ) 1.66× 105) exhibit exceptionally high
protection against exchange (Figure 7B). In contrast, the
amide proton of Ser61 exchanges out within 20 min of
initiation of exchange (in D2O). Although the amide proton
of Ser61 is hydrogen bonded to the carbonyl group of Tyr69,
it is located on the surface of the hFGF-1 molecule, thus

FIGURE 6: Main-chain hydrogen bonding of hFGF-1, showing the positions of the slowly exchanging amides (P > 300 000, indicated in
gray). The arrowheads indicate the direction of the polypeptide chain from the N- to C-terminal end. The hydrogen-bonding pattern shown
in this figure is in accordance with the solution structure of hFGF-1 published by Pineda-Lucena et al. (33).
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rendering it vulnerable to rapid exchange with the solvent.
At the present juncture, we do not have a rational explanation
for the unusual temperature coefficient value exhibited by
Ser61. However, the high density of hydrogen bonds among
residues in the vicinity of Ser61 might restrict the local
thermal fluctuations and consequently decrease the temper-
ature-induced changes in the amide proton (of Ser61)
chemical shift.

15N spin relaxation measurements characterizing the
backbone dynamics of hFGF-1 revealed that 13 residues
exhibit conformational exchange (Rex) values larger than 4
s-1 (45). Rex values are indicators of line broadening due to
conformational exchange in the milli- to microsecond time
scale regime. The residues undergoing slow conformational
exchange are found distributed uniformly on the structure
of hFGF-1. As most of the residues showing largerRex values
are located in close proximity to proline residues, the slow
conformational motions observed in the free form of hFGF-1
were attributed tocis-trans-proline isomerization (45).

Baxter et al. (51) recently demonstrated that temperature
coefficient measurements could be reliable probes for detect-
ing conformational exchange in proteins. Chemical shifts of
residues undergoing slow conformational exchange are
shown to display curved temperature dependences. The
curvature in the temperature coefficient profiles suggest that
the amide proton can access more than one conformational
state, the relative free energies of which vary as a function
of temperature (51). Among the 13 residues with highRex

values, only the chemical shift of the amide proton of Leu98
shows curved temperature dependences (data not shown).
The observed discrepancy could be because the temperature-
dependent amide proton chemical shifts of the amide protons
were monitored only up to 306 K, wherein the population
of residues accessing excited alternative conformational state-
(s) (that are in low free energy relative to the ground state)
is small. The temperature-dependent amide proton chemical
shifts in hFGF-1 could not be monitored beyond 310 K due
to problems arising from protein aggregation.

The average temperature coefficient and average protection
values of the variousâ-strands in hFGF-1 show a reasonably
good agreement.â-Strands II, V, VI, and VII, which exhibit
high protection against H/D exchange, show low average
amide proton temperature coefficient values (Figure 7B,
average NH∆δ/∆T values more positive than-3.18 ppb/
K). Similarly, residues inâ-strands IV and IX, which
exchange fast, show average amide proton temperature
coefficient values less positive than-3.5 ppb/K. In contrast,
the amide protons of residues inâ-strands III and VIII, which
are highly susceptible to H/D exchange, show exceptionally
low average amide proton temperature coefficient values
(∆δ/∆T more positive than-2.5 ppb/K, Figure 7B). Such
discrepancies between amide-exchange rates and temperature
coefficients have been reported in a number of studies (55-
57). In contrast to exchange rates, which are strongly
correlated to surface exposure, amide proton temperature
coefficients are not strongly influenced by solvent acces-
sibility (51, 56, 57).

Is There a Relationship between Hydrogen Exchange and
EVents in the Folding Pathway of hFGF-1?Woodward and
co-workers proposed a few years ago that the protein folding
core can be a subset of the slow-exchanging core (58, 59).
This essentially means that the folding pathway approximates
the reverse order of the native-state hydrogen-exchange rates;
i.e., the last hydrogen to exchange might identify the first
part of the protein to folds“last out, first in”. This correlation
was found to be valid to a large extent in five proteins:
bovine pancreatic trypsin inhibitor (58), lysozyme (60),
cytochromec (61), RNase T1 (51), and cardiotoxin analogue
III ( 62). Recently, Lacroix et al. (63), comparing the
equilibrium amide proton-exchange kinetics with the events
in the folding pathway of chemotatic protein (CheY) from
Escherichia coliusing quenched-flow H/D exchange, showed
that the highest protection from hydrogen exchange is a part
of the folding nucleus. However, Fersht and co-workers,
based on their studies on barnase (64, 65) and chymotrypsin
inhibitor 2 (66, 67), showed that there is no obvious
relationship between hydrogen exchange at equilibrium and
the chronology of events in the folding pathways (68). They
found that some protons belonging to regions that are formed
early in the folding reaction do not belong to the group of
slowest exchanging protons. In fact, tertiary structure inter-

FIGURE 7: Correlation between the protection factor (A), temper-
ature coefficient (B), and refolding time constant (C) of residues
in hFGF-1. Amide protons of residues such as Arg38 and Ala80
show exceptionally large protection values (P > 850 000). In
general, residues that are highly protected display more positive
temperature coefficient values. However, the correlation is found
to break down when hydrogen-bonded amide protons are located
on the solvent-accessible surface of the protein. The temperature
coefficient value of-4.5 ppb/K (broken line) is believed to be the
upper limit for hydrogen bonding. (C) Refolding time constants of
residues in hFGF-1. The residues strongly protected against
exchange do not correspond to the residues that exhibit small time
constant values.
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actions, known to be formed late during the folding pathway,
involved some of the slowest exchange protons in these
proteins (68).

We recently investigated the structural events in the
refolding pathway of hFGF-1 using a variety of techniques,
including quenched-flow hydrogen-deuterium exchange
(69). Thus, comparison of the results of the native-state
hydrogen-exchange kinetics obtained in the present study and
the quenched-flow hydrogen-deuterium (H/D)-exchange
data provides a good opportunity to examine whether there
exists a relationship between slowly exchanging regions and
the folding nucleus of proteins. Complete refolding of
hFGF-1 occurs in about 100 s. Quenched-flow H/D-exchange
data revealed that the first structural event observed during
the refolding of hFGF-1 is the generation of the basic
â-trefoil framework provided by the simultaneous formation
of â-strands I, IV, IX, and X. However, the equilibrium H/D-
exchange data (acquired in the present study) show that all
four of theseâ-strands (I, IV, IX, and X) display smaller
protection factors (Figure 7A,C). On the other hand,â-strands
II and VI, which exhibit exceptionally large average protec-
tion factor values, are observed to be formed late during the
refolding of the protein. Similarly, Arg38, Ser72, and Ala80,
which are highly protected from exchange (P > 500 000),
exhibit relatively large refolding time constant values (70).
Therefore, it appears that, at least in hFGF-1, the protein
folding core does not appear to a subset of the slow-exchange
core.

FGF-Receptor Interaction Sites.Two classes of cell
surface receptors have been identified for FGFs: the high-
affinity and low-affinity receptors (27, 64). The high-affinity
receptors are composed of an extracellular ligand binding
domain that contains three immunoglobulin-like domains
(D1, D2, and D3), a single transmembrane helix, and a
cytoplasmic domain that has tyrosine kinase activity (27).
The low-affinity receptors include proteoglycans such as
heparin/heparan sulfate. It is believed that heparin-induced
dimerization of the ligand (hFGF-1) and the receptor is
crucial for the mitogenic activity elicited by hFGF-1.

Investigation of the dynamic motions in proteins can yield
useful information on ligand-receptor interaction. In general,
the mechanisms of receptor interaction sites on the ligand
are expected to be relatively more flexible than other portions
(of the ligand molecule). The higher conformational flex-
ibility is proposed to have significant effect(s) on the
thermodynamics and kinetics of ligand-receptor binding.
The higher flexibility of residues (in the ligand) involved in
receptor binding is believed to increase the solvent-accessible
surface area and consequently increase the probability of
binding and optimization (decrease in the free energy of
interaction) of the ligand to the receptor (2). In this context,
it would be interesting to examine if the dynamics data
obtained on hFGF-1 (in the present study) bears any
physiological relevance.

FGF-1 is known to interact extensively with the D2 and
D3 as well as the linker between the two domains (64).
FGF-1 interacts with the D2 domain through hydrophobic
and hydrogen bond contacts. The residues located in theâI/
âII turn, the âIII/ âIV loop, the âX/âXI loop, and the
C-terminal residues are proposed to be the primary contact
sites between FGF-1 and the D2 domain (64). With the
exception of residues inâ-strand IX, and Asp53, His55, and

Ile56 (in theâIII/ âIV loop), the other portions of the ligand
(hFGF-1) molecule involved in receptor binding display very
weak protection against exchange. For example, Gly34 (in
âI/âII turn), Lys127, Asn128, and Gly129 (inâX/âXI loop),
and Val151, Ser152, and Asp154 exchange out within the
first 20 min of exchange, reflecting high backbone flexibility
of these residues (Table 1). Similarly, residues inâ-strands
VIII and XII (Cys97-Leu103), which are shown to play a
crucial role in the interaction of FGF-1 with the linker
between the D2 and D3 domains (of the receptor), exchange
rapidly with the solvent (D2O, Figure 7A). In addition, the
amide proton of Glu101 (inâ-strand VIII), that is highly
conserved in all FGFs and shown to participate in crucial
hydrogen bond interaction with the D2 domain of the
receptor, exchanges rapidly with the solvent (Figure 7A).
Therefore, it appears that the recognition and kinetics of the
FGF-1/receptor interaction are primarily governed by resi-
dues located in the region(s) of the ligand (FGF-1) exhibiting
high backbone flexibility. The structured regions of the
FGF-1 molecule seem to be involved in the stabilization of
the ligand-receptor complex. A detailed study using site-
specific mutants is currently underway to validate some of
the proposals made in this study.
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