15350 Biochemistry2002,41, 15350-15359

Investigation of the Structural Stability of the Human Acidic Fibroblast Growth
Factor by HydrogerDeuterium Exchande

Ya-Hui Chi} Thallampuranam Krishnaswamy S. Kunmafaruppanan Muthusamy KathirDong-Hai Lin$
Guang Zhi Ing-Ming Chiu” and Chin Yu**

Department of Chemistry, National Tsing Hua Weaisity, Hsinchu 30013, Taiwan, Department of Biochemistry,
The Hong Kong Uniersity of Science, Clear Water Bay, Kowloon, Hong Kong, and Department of Internal Medicine,
The Ohio State Umersity, Columbus, Ohio 43210

Receied May 30, 2002; Résed Manuscript Receéd 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 unfoldi@y)(of hFGF-1 is estimated

to be 5.00+ 0.09 kcaimol~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. Residyestiands Il and VI appear to constitute

the stability core of the protein. Among the g2strands constituting th@-barrel architecture of hFGF-1,
p-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 systefr)s Rroteins amide proton-exchange measurements could be extended to
often undergo conformational changes to execute their obtain valuable information on the free energy relationships
biological functions, such as an enzyme reaction or ligand underlying fundamental units of protein structuig<20).
binding ). Internal protein dynamics can potentially affect In addition, as the H/D-exchange measurements can be made
protein function through a variety of mechanisms, and there in the absence of denaturants, they are not plagued by the
are now several examples of proteiprotein and proteift uncertainties and difficulties often encountered (in the
ligand interactions that illustrate that dynamics may be estimation of thermodynamic parameters) at extreme dena-
intricately linked to function in several way8-7). In this turing conditions 21).
context, the static three-dimensional structures which provide Amide protons involved in backbone hydrogen bonds are
a description of the ground state of the molecule alone cannotproposed to exchange with the solvent according to the
explain the results from functional biological assa§p As following scheme 22, 23):
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 motionsWhereko is the rate of opening is the rate of closin
as well as the time scales and amplitud@s 12). P P ! 9,

. S - and k. is the intrinsic exchange rate of the protein. Under
H)l/sdrog(_an—deuter_lum (H/D)-e_xchange kineticslg—15) . native conditions, there is an equilibrium preceding chemical
and®™N spin relaxation16), monitored by nuclear magnetic

resonance spectroscopy, are powerful tools to study proteineXChange’ Wlt.h the open _conform_atlon being suscgpuble 0
dynamics in relation to p,rotein functions. These two tech- exchange. This behawor_ is described by the equauor
nigues, put together, can report internal .motions occurring opk (et -+ k'C.)’ W'he'rekex is the observed rate oflgxchange.
in the n,1illi- to submillyisecond time regimd). In particular In the usual k|net_|c Iw_mt, known as the E.XZ _Cor_1d|t|on, where

‘ ’ structural reclosing is faster than the intrinsic unprotected
exchange ratek{, > k), the hydrogen-exchange rate
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buffer and 100 mM ammonium sulfate at pH 6.5. The sample
was concentrated te-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 128, increments. For the determination of the
NH temperature coefficienfH—"N HSQC spectra were
recorded from 288.5 to 306 K at 26 intervals. The probe
temperature was calibrated by measuring the peak separation
(in ppm) between the OH and GHesonances in 100%
methanol. Proton chemical shifts were referenced to 3-tri-
methylsilylpropionate2,2,3,3-d, sodium salt (TSP), antiN
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 R&®eotein 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
FiGURE 1: MOLSCRIPT representation of the structure hFGF-1. dried by lyophilization. H/D exchange was initiated by
The secondary structural elements in the protein include 12 dissolving dry protein in 10 mM phosphate-buffereglDat
p-strands arrayed into/&barrel architecture. The circled numbers pD 6.0 and pD 7.0 (at 25C), respectively. All NMR data
in the figure indicate the individug-strands in the protein. acquisition parameters were preset using a mock sample, and

S sample pH was measured after the experiment to minimize

Human acidic fibroblast growth factor (WFGFI; ~ 16 the dead time. The firstH—15N HSQC spectrum was
kDa) plays crucial roles in key biological processes such as gcquired after 8 min of initiation of exchanges. Spectra were
cell growth, angiogenesies, and wound heali@g—<30). recorded with 8 transients of 2048 data points andt;64
High-resolution crystal and solution structures of hFGF-1 jhcrements. Fifty spectra were collected in 48 h with various
show that it is an alls-sheet protein with 125-strands  {ime points, and another eight spectra were collected in 1265
arranged into g-barrel architecture (Figure B1—35). In h.
the present study, we investigate the conformational stability  Amide Proton-Exchange AnalysEne peak heights in the
and dynamics of hFGF-1 on the basis of amide proton- yyo-dimensional spectra were measured using the peak-
exchange kinetics and temperature coeffici&) (neasure-  picking subroutine and referenced internally to a non-
ments monitored by NMR spectroscopy. exchangeable resonance aliphatic proton in one-dimensional
MATERIALS AND METHODS H spectra..To dgt_ermine rate constants for exchange, NH

resonance intensitie$)(as a function timetf were fit to a

Heparin-Sepharose was obtained from Amersham Phar-single-exponential function, = |, exp(—ket) + C, where
macia Biotech. Labele¢PNH,Cl and DO were purchased |, is the initial intensity kex is the rate constant of exchange,
from Cambridge Isotope Laboratories. Uihawas purchased  andC is the final amplitude. The protection factoiR) (for
from Sigma. All other chemicals used were of high-quality the various amide protons in the protein were estimated on
analytical grade. All experiments were performed afe5 the basis of the method reported by Bai et 26)( using the

Equilibrium Unfolding.Urea-induced unfolding of hFGF-1  equationP = k.J/kex, Wherek,c andke represent the exchange
was performed using fluorescence spectroscopy on a Hitachirates of the protein in the random coil and native conforma-
F-2500 spectrofluorometer at 2.5-nm resolution, using an tions states, respectively. As reported by Bai et2d),(the
excitation wavelength of 280 nm. A 26/mL concentration  hydrogen-exchange rates of amide protons in nonstructured
of hFGF-1 in 100 mM phosphate buffer (pH/pD 6.0) isG4 peptides, termek., are estimated by referencing an alanine-
D,0O containing 200 mM ammonium sulfate was used for based peptide (polgt-alanine, PDLA) at low ionic strengths
the unfolding experiments. at 20°C. The free energy of exchange of the amide protons

Expression and Purification ofSN-Labeled hFGF-1.  was calculated from the equatidXiGex = —RT In(kew/krc),
Residues are numbered according to their position in the whereRis the gas constant afids the absolute temperature
primary structure of the 154-amino-acid hFGF-1. The at which the exchange was monitored.
expression vector for the truncated form of the human FGF-1  Clean SEA-HSQC Experimen@ean SEA-HSQC experi-
(hFGF-1, residues 15154) was constructed and inserted ments were performed on a 1.0 mM uniformiiN-labeled
between theNdd and BanHlI restriction sites in pET20b-  sample of hFGF-1 in 100 mM phosphate buffer and 200 mM
(+). Escherichia colBL21(DE3)pLysS, harboring pET20b- ammonium sulfate in 90% 0/10% DO at pH 6.0 (37).
(+)-hFGF-1, was cultured in minimal medium containing All the two-dimensional NMR experiments were performed
15NH,CI. Recombinant protein was purified on heparin- on a Varian Unity INOVA 750 MHz spectrometer at 26.
Sepharose using a gradientD.5 M NaCl). Protein expres-  The mixing times £) used for the experiments were 20,
sion yields were in the range of 280 mg/L. The extentof 35, 50, 75, 100, and 150 ms. The prescan delay was 2.0 s,
15N labeling was verified by electron spraynass analysis.  and each spectrum was collected with 128 transients of 2048

Measuring Temperature CoefficiefN-Labeled hFGF-1  real points and 256, increments. The peak heights in the
was prepared in 10% £/90% HO in 100 mM phosphate  two-dimensional'H—*N HSQC spectra were measured
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1.2 two-state (native— unfolded) transition. The free energy
1 [AG(H20)] change for the unfolding process is estimated to
= ] TALALLLAL be 4.20+ 0.07 kcaimol ..
§ 0.8 o Proteins generally exhibit higher stability in©. For this
£ 7 * reason, the urea-induced equilibrium unfolding of hFGF-1
5 06 2 was also studied in fD. The AG(D,O) (5.00 + 0.09
=0 4_' kcakmol™) and theCn, (2.794+ 0.07) values for the unfolding
L process in QO are marginally higher than those in®l
E 0.2 The moderate increase in th®G(D,O) value probably
E T reflects a small increase in the stability of the native
07 conformation of the protein in f®. The increase in the
02 : : : : : : i conformational stability of the native state (hFGF-1) also
-1 0 1 2 3 4 5 6 7 appears to increase the cooperativitg € 1.80 + 0.02
Concentration of Urea (M) kcalFmol=*-M~1) of the transition from the native to the

Ficure 2: Urea-induced equilibrium unfolding of hFGF-1 in® unfolded state(s) (Figure 2).
(O) and in DO (@). The stability of the protein is observed to Relationship between H/D Exchange and Structiitee

increase marginally in . The unfolding profile was generated 'H—1N HSQC spectrum of hFGF-1 (at 2&XC) is well-
by monitoring the 350/308-nm fluorescence changes in the protein dispersed, and all the cross-peaks have been unambiguously

[in 100 mM phosphate buffer (pH/pD) 6.0 containing 200 mM .
ammonium sulfate at 28C]. The inset shows the fluorescence assigned 29, 30, 34). Total exchange rates of 74 (out of

spectra of hFGF-1 in the native (N) and denatured (D) states. 12(_) resid.ues) {30U|d be unambiguously follpwed. FOFIY'SiX
main-chain amide protons exchange out within the first 20

) o _ _ min of initiation of exchange, and most of them correspond
using the peak-picking subroutine. To determine rate con- 5 residues located in the unstructured loop regions of the
stants for exchange, NH resonance intensiti® & &  hFEGF-1 molecule (Figure 3A, Table 1). In addition, 11
funct!on of mixing time ¢) were fit to an exponential | asidues exchange very fast, with rate constdq@isdreater
function 38), SSer = [kex/(Ria + kex — Rig)l{ €Xp(—Rus7im) than 1 x 1072 min~L. Except for Ser61 and GIn77, which
— exp[~(Ria + ke]zm}, WhereSer is the reference peak  gre |ocated at the fringe gi-strand IV andg-strand VI,
intensity in the normatH—"*N gradient-enhanced HSQC  regpectively, the remaining six residues, which exhibit very
spectrumkey is the H/D-exchange rate constaRia is the fast rates of exchangée > 1 x 102 min-1), are located
combination of longitudinal relaxation and transverse relax- i, the loop regions of the molecule (Table 1). Thirty-seven
ation rates of amide protons, ari@lg is that of water residues exchange at a moderately fast rate (&4 min-1
molecules. < kex < 1 x 1072 min~%). These include many residues
RESULTS AND DISCUSSION Io_cated inﬂ-s;rands I, VII VIII, IX, X, and XI (Table 1).

Eighteen residues exhibit a very slow exchange rate (7

Equilibrium Unfolding of hFGF-1.The fluorescence 10° min™! < ke < 2 x 104 min~?1). The residues which
spectrum of hFGF-1 in the native conformation shows an fall into this category include several residues fr@ratrands
emission maximum around 308 nm (Figure 2, inset). The V and XII. Gly85 and Alal43, which are located at the fringe
fluorescence of the lone tryptophan residue located at positionof 5-strands VIl and XIlI, respectively, show strong protection
121 of the amino acid sequence is completely quenched inagainst H/D exchangekd ~ 1 x 1074 min~%). There are
the native state of the proteiB@ 39, 40). The quenching  eight residues which depict extraordinarily high protection
effect is attributed to the presence of imidazole and pyrrole (kex < 7 x 107° min~1). These include Arg38, lle39, and
groups in close proximity to the indole side chain of Trp121 Leu40 (located ins-strand 1), Tyr78, Leu79, and Ala80
in the three-dimensional structure of hFGF-33,( 40). (constitutings-strand VI), Leu86 (Figure 3B, iB-strand
However, the quenching effect is relieved upon unfolding, VII), and Leul00 (ing-strand VIII).
and the fluorescence spectrum of hFGF-1 in the unfolding The exchange rateks( > 1 min™?) of the solvent-exposed,
state shows an emission maximum around 350 nm (Figurerapidly exchanging amide protons in hFGF-1 have been
2, inset; 30, 39, 40). Hence, the conformational changes measured using the clean SEA-HSQC techni@r (About
occurring during the unfolding/refolding of the protein could 41'H—°N cross-peaks, corresponding to the solvent-exposed
be reliably studied by monitoring changes in the 350/308- fast exchanging amide protons in hFGF-1, could be observed
nm fluorescence. in the clean SEA-HSQC spectra collected even at a low

Urea-induced equilibrium unfolding of hFGF-1, monitored mixing time of 20 ms (Figure 4A). These cross-peaks
by steady-state fluorescence spectroscopy, shows that theorrespond to the amide protons of GIn91, Glul118, Lys142,
protein unfolds reversibly with &, (concentration of urea  and Serl152 (Figure 4B). Although most of the 46 fast-
at which 50% of the molecules exist in the unfolded state) exchanging amide protons could be detected in the clean
of 2.67 £ 0.09 M (Figure 2). Them value, which is a SEA-HSQC spectra (obtained with mixing times ranging
measure of the cooperativity of the unfolding process, is from 20 to 150 ms), exchange rates of only 18 of these amide
estimated to be 1.6& 0.07 kcalmol~*-M~2. The unfolding protons could be quantitatively estimated (Table 2, Figure
profile of hFGF-1, obtained by monitoring the ellipiticity  4). Among the fast-exchanging amide protons (in hFGF-1)
(within experimental error) changes at 228 nm, superimposeswhose exchange rates could be estimated, the amide proton
well with the unfolding curve derived using steady-state of Serl53, which is located in the unstructured C-terminal
fluorescence (data not shown). This aspect implies that thedomain, exchanges most rapidly with the solvéat€ 1.43
unfolding of the protein under these conditions follows a x 10° min™?).
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FiIGURE 3: (A) 'H—15N HSQC spectra of hFGF-1 after various time periods of exchange@ [B) Time course of exchange of selected
residues in hFGF-1.

Time {min)

The protection factor(s) estimated from hydrogen (478 405+ 68 866) > f-strand Il (316 990+ 29 341)>
deuterium-exchange experiments is a useful and reliableg-strand VII (123 032+ 4720) > f-strand V (112 332t
measure to evaluate the degree of protection of an amide3992)> g-strand | (99 704 1637)> S-strand IX (91 743
proton against H/D exchangd4, 20—22). The average 4+ 1704) > S-strand X (64 204+ 1083) > f-strand Il
protection factors of the 12-strands constituting the-trefoil (54 150+ 1098)> p-strand XII (47 819+ 3553)> f-strand
structure of hFGF-1 decrease in the orderpestrand VI VIII (43212 + 7604) > fp-strand IV (29 281+ 925) >
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Table 1: HydrogenDeuterium-Exchange Patterns of Residues in hFGF-1

rate constantig,) range residues

kex < 7 x 107> min~?t
7x10°min"! < kex <2 x 104min-?
2x104min"t <ke<1x102min?t

R38, 139, L40, Y78, L79, A80, L86, L100
L28, L37, LS8, V68, Y69, 170, S72, D82, G85, F99, 1112, F122, V123, A143, 1144, L145, F146, L147
K26, C30, N32, F36, G43, T44, V45, D46, G47, T48, 156, 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
H35, D53, H55, Q77, S61, D84, E104, Y108, G129, T137, V151
K24, S31, G33, G34, D42, R49, D50, R51, S52, Q54, L60, A62, E63, S64, V65, G66, T73, E74, T75,
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

Kex > 1 x 102 min~?t
residues which disappeared in the first
20 min of exchange
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FiGure 4: (A) TH—1°N 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) Relativ&3niensity (
versus mixing time ;) plot of selected residues (in hFGF-1) obtained from the clean SEA-HSQC experiments.

p-strand XI (20 231+ 194) (Figure 5). Among the 12  be rationalized by the high conformational flexibility (as
[-strands in the protein, the average protectio-atrand indicated by low average protection factor) of residues in
Xl is the least, and this observation is consistent with the g-strand XI in solution, which in turn eludes observation of
three-dimensional structure of hFGF-1 derived using NMR intramolecular NOEs (characterizing-strand Xl). The
spectroscopy 34). The fg-trefoil structure of hFGF-1 in  crystal structure of the ternary complex of hFGF-1/heparin/
solution is shown to possess Ptstrands instead of 12 hFGF-1 receptor7), and'>N chemical shift perturbation
f-strands as in the crystal structur@4,(34). The observed  data @1) obtained upon titration of hFGF-1 with structural
discrepancy between the solution and crystal structures couldanalogues of heparin (such as sucrose octasulfate), show that
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Table 2. Hydrogen Deuterium-Exchange Rates Measured by Clean interactions that contribute to the conformational stability

SEA-HSQC Experiments of hFGF-1.

Kex (Min-1) Kex (Min-1) Kex (MiN-1) The Hyr?rogeﬁDeuteriym-Ezc?angehMec/hanis'rﬁEe free
K24 281+05  G66 121.9:88 Y139 220124 energy changeAGe,) estimated from the H/D exchange, in
R49 150.4+7.1 Q91 422199 G140 207.4 2.9 principle, is expected to be equal to or lower than the free
D50 56.24+2.5 T92 91.4-0.4 K142 278.0:0.5 energy change of unfoldingAIG(D,0)] deduced from the
A62 60.6+1.4 H107 124.5:5.7 S152  127.3 3.0 equilibrium unfolding experiments (using steady-state fluo-

S64 50.3-:29 E118 98.5£1.8 S153 1429.%21.7

Vo5 866+ 25 N128 386010 D1o4 101151 rescence/far-UVvV CD spectroscopy). However, the majority

of the slowest exchanging protons in hFGF-1 exhiti@e«
values larger than theAG(D,O) value (5.00+ 0.09
] kcalmol™1) estimated from equilibrium unfolding experi-
5 ments. Similar findings have been reported for amide protons
] of Saccharomyces cerisiae oxidized iso-1-cytochrome
] (42), cytochromee (43), proteins G B1 and B2 domaind3),
3 ovomucoid third domain44), cardiotoin analogue I1145),
] ribonuclease T146), and also RNase A under different

[0}

] conditions 47, 48). The possible sources of discrepancy
= could be (1) increased stability of protein in® (21) used
] in H/D-exchange experiments, (2) exchange of the amide
protons occurring by the EX1 mechanism instead of the EX2
mechanism49), (3) cis—trans-proline isomerization in the
Beta-Strand Number protein @4), or (4) the presence of residual structure(s) in
FIGURES: Average protection factors of variofsstrands in hFGF-  the unfolded state(s). In the case of hFGF-1, the first three
1. B-Strands Il and VI appear to constitute the stable core of the possibilities can be ruled out. Proteins have been shown to
protein. Residues ifi-strand XI exhibit relatively low protection  hea stabilized in BO (14). However, as the equilibrium
factors and constitute a portion of the heparin binding domain. unfolding experiments in hFGF-1 have been performed in
D,0, theAG, values (obtained from equilibrium unfolding
experiments) are directly comparable with th&., 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,D. The exchange
rates of amide protons were measured at two different pDs
(pD 6.0 and pD 7.0). The slope of the leg(pD 6.0) versus
pO1E00can (epann SuTete) by g 1 160 nerey oy, Shoes sesars s oot it o
barrier. exchanging amide protons in hFGF-1 exchange by the EX2
There are significant differences in the average protection mechanism. If exchange were to occur by EX1 (resulting in
factors of the varioug-strands. Among the varioysstrands overestimation ofAGe,), the exchange rates of the amide
in the protein,S-strand VI exhibits the greatest average protons would be expected to be pH-independent. The third
protection factor (478 405 68 866, Figure 5). Ala80, in  possibility of cis—trans-proline isomerization contributing
B-strand VI, shows an extraordinarily high protection factor. to the observed discrepancy (betwe€@e andAG,) could
The amide proton of Ala80 is involved in a hydrogen bond be discounted because all the six prolines in the native state
with Tyr88, located irg-strand VII (Figure 6). The presence of hFGF-1 are shown to be in the trans conformatia4).(
of this hydrogen bond stabilizes the hydrophobic cluster |n addition, our recent study on the kinetics of refolding of
(comprising residues ifi-strands VI and VII), with Ala80  hFGF-1 @0) revealed that refolding of the protein from the
located in the middle of the nonpolar core. This aspect might denatured state(s) does not invobie—trans-proline isomer-
accounts for the unusually high protection of the amide ization. Although at the present juncture we do not have
proton of Ala80 against H/D exchange (Figure 7A). Simi- direct concrete experimental evidence, we are inclined to
larly, the high average protection factor of residues in believe that the observed discrepancy betweem@g and
B-strand Il could be rationalized by the presence of a network AG, values (in hFGF-1) stems from the presence of residual
of hydrogen bonds between Leu37NH and Leu28CO, and structure(s) in the unfolded state(s). Residual structure(s) (in
between Leu149NH and Leu27CO (Figures 5 and 6). Theseunfolded state(s)), in general, would imply that the values
hydrogen bonds forge a hydrophobic patch consisting of of k. which are calculated on the basis of paly-alanine
Leu27, Leu28, Tyr29, Phe36, Leu37, lle39, Leuld?7, and reference states are overestimates for the actual chemical
Leul49. The tight packing of residuesfrstrand Il renders  exchange rates. An overestimatiorkgfcould result in higher
their amide protons resistant to solvent exchange (Figure 6).AGe,. It should be mentioned that the presence of compact
The S-hairpin structure stabilized by two hydrogen bonds, unfolded state(s) in the protein (hFGF-1) under native
Arg38NH—Asp46CO and lle39NHLys26CO, effectively conditions is also consistent with our protection factor data
protects the amide protons of residuegistrand Il (Figures on the slow-exchanging amide protons (Table 1, Figure 7).
6 and 7) from the solvent and accounts for their high In principle, the amide protons of a fully unfolded protein
protection factors. In summary, the analysis of the protection should have identical protection factors. However, we
factor data has helped in the identification of structural observe that the protection factors for the slow-exchanging

Average Protection Factor (x105)

1 Im o v v VI vl vill IX X XI Xl

the segment comprising residues 12812 in hFGF-1
constitutes the heparin binding site. In this context, the low
protection factors of most of the residues firstrand Xl
(Ser130 to Gly134, Figure 5) and the two adjoining loops
(Lys127 to Gly129 and Argl136 to Lys142) bear functional
significance. The high flexibility of residues (in the heparin
binding region) might favor complex formation with the
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Ficure 6: Main-chain hydrogen bonding of hFGF-1, showing the positions of the slowly exchanging afige3d0 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-Lucena3g}.al. (

amide protons in hFGF-1 cover a range of about 100-fold, magnitudes of the temperature coefficients estimate are
suggesting the presence of residual structure(s) in theinversely related to the relative stability of the residue in
(compact) unfolded states. In addition, recent NMR data the protein §0, 51). The temperature coefficients of amide
acquired in our laboratory (Yu et al., unpublished data) on protons serve as indicators for hydrogen bonding, and in
the pH-denatured state(s) of hFGF-1 suggest the presencgeneral, values more positive thad.5 ppb/K are indicative

of localized regions of residual structure. of the involvement of the amide protons in intramolecular
Correlation between Temperature Coefficient and Protec- hydrogen bonding50, 51).
tion Factor. Amide proton temperature coefficiemi§/AT) The chemical shifts of most of the amide protons of

measurements are useful to probe solvent accessibilities ohFGF-1 change linearly with temperature (in the temperature
residues and also to monitor the conformational changesrange of 288.5306 K). Thirty out of the 114 residues for
accompanying a temperature-induced unfolding procas ( which the temperature coefficients could be estimated show
51). The information obtained from temperature coefficient temperature coefficient values more negative thah.5
measurements is complementary to that gained from hydro-ppb/K (Figure 7B). Most of these residues are located in
gen—deuterium-exchange studies. In addition, temperature the unstructured loop regions of the protein. Few residues
coefficients are ideal measures of hydrogen bonding, sincelocated in structured regions such as Sergsttand V),
they are not very sensitive to pHbd), local structure Ala80 (5-strand VI), and Leu86/4-strand VII) show amide
fluctuations B63), and the presence of a hydrogen-bonded proton temperature coefficient values more positive than
carbonyl group that has the same peptide bond as the amide-0.9 ppb/K (Figure 7B). Interestingly, Ala8® (= 1.45 x
proton whose exchange is being measurgd).(Amide 10°) and Leu86 P = 1.66 x 10P) exhibit exceptionally high
protons show marked changes in their chemical shift values protection against exchange (Figure 7B). In contrast, the
with temperature. Amide protons which are not hydrogen amide proton of Ser61 exchanges out within 20 min of
bonded and exposed to the solvent show larger changes irinitiation of exchange (in BD). Although the amide proton
the chemical shift values than those which are involved in of Ser61 is hydrogen bonded to the carbonyl group of Tyr69,
hydrogen bonding in the protein molecule. In general, the it is located on the surface of the hFGF-1 molecule, thus
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~ 1A VI Baxter et al. §1) recently demonstrated that temperature
=] 16 B BUBLI BIV BV '| BVIIBVIIBIX BX BXI BXII coefficient measurements could be reliable probes for detect-
) 1 MMM Lo I | m M M ™ . . . . . .

E 5] ing conformational exchange in proteins. Chemical shifts of
g ] Arg38 < Alag0 residues undergoing slow conformational exchange are
T s shown to display curved temperature dependences. The
§ ] curvature in the temperature coefficient profiles suggest that
° 4 the amide proton can access more than one conformational
° ] state, the relative free energies of which vary as a function
o

of temperatureJ1). Among the 13 residues with higRex
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
50 3 values of the varioug-strands in hFGF-1 show a reasonably
good agreemeng-Strands Il, V, VI, and VII, which exhibit
] high protection against H/D exchange, show low average
30 amide proton temperature coefficient values (Figure 7B,

] average NKAJ/AT values more positive than3.18 ppb/
K). Similarly, residues ing-strands IV and 1X, which

Temperature Constant (ppb/K)

20 40 60 80 100 120 140 160

40

20

Refolding Time Constant (sec)

10 3 exchange fast, show average amide proton temperature
] coefficient values less positive tharB.5 ppb/K. In contrast,
0 the amide protons of residuesfrstrands Il and VIII, which
20 40 60 80 100 120 140 160 are highly susceptible to H/D exchange, show exceptionally
Residue Number low average amide proton temperature coefficient values

Ficure 7: Correlation between the protection factor (A), temper- (AJ/AT more positive than-2.5 ppb/K, Figure 7B). Such
ature coefficient (B), and refolding time constant (C) of residues (iscrepancies between amide-exchange rates and temperature

in hFGF-1. Amide protons of residues such as Arg38 and Ala80 - ;
show exceptionally large protection value® ¢ 850 000). In coefficients have been reported in a number of studibs (

general, residues that are highly protected display more positive 27)- In contrast to exchange rates, which are strongly
temperature coefficient values. However, the correlation is found correlated to surface exposure, amide proton temperature
to break down when h_ydrogen-bonded amide protons are locatedcoefficients are not strongly influenced by solvent acces-
on the solvent-accessible surface of the protein. The temperaturegipjjity (51, 56, 57).

fficient val 4. K (broken line) i lievi h . .
coefcient value of 4.5 DK (broken Inc) = blieved o e the s There a Relationship between Hydrogen Exchange and
residues in hFGF-1. The residues strongly protected againstEvents in the Folding Pathway of hFGF-Woodward and
exchange do not correspond to the residues that exhibit small timeco-workers proposed a few years ago that the protein folding
constant values. core can be a subset of the slow-exchanging c6859).

This essentially means that the folding pathway approximates
rendering it vulnerable to rapid exchange with the solvent. the reverse order of the native-state hydrogen-exchange rates;
At the present juncture, we do not have a rational explanationi e, the last hydrogen to exchange might identify the first
for the unusual temperature coefficient value exhibited by part of the protein to foletlast out, first in”. This correlation
Ser61. However, the high density of hydrogen bonds amongwas found to be valid to a large extent in five proteins:
residues in the vicinity of Ser61 might restrict the local poyine pancreatic trypsin inhibitor58), lysozyme 60),
thermal fluctuations and consequently decrease the tempercytochrome: (61), RNase T (51), and cardiotoxin analogue
ature-induced changes in the amide proton (of Ser61))| (62). Recently, Lacroix et al. &3), comparing the
chemical shift. equilibrium amide proton-exchange kinetics with the events

N spin relaxation measurements characterizing the in the folding pathway of chemotatic protein (CheY) from
backbone dynamics of hFGF-1 revealed that 13 residuesEscherichia colusing quenched-flow H/D exchange, showed
exhibit conformational exchang®4{) values larger than 4  that the highest protection from hydrogen exchange is a part
s 1 (45). R values are indicators of line broadening due to of the folding nucleus. However, Fersht and co-workers,
conformational exchange in the milli- to microsecond time based on their studies on barnag4, 65) and chymotrypsin
scale regime. The residues undergoing slow conformationalinhibitor 2 (66, 67), showed that there is no obvious
exchange are found distributed uniformly on the structure relationship between hydrogen exchange at equilibrium and
of hFGF-1. As most of the residues showing larfigsivalues the chronology of events in the folding pathwa@8); They
are located in close proximity to proline residues, the slow found that some protons belonging to regions that are formed
conformational motions observed in the free form of hFGF-1 early in the folding reaction do not belong to the group of
were attributed tocis—trans-proline isomerization 45). slowest exchanging protons. In fact, tertiary structure inter-
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actions, known to be formed late during the folding pathway, Ile56 (in theglll/ 51V loop), the other portions of the ligand
involved some of the slowest exchange protons in these (hFGF-1) molecule involved in receptor binding display very
proteins 68). weak protection against exchange. For example, Gly34 (in

We recently investigated the structural events in the Sl/1l turn), Lys127, Asn128, and Gly129 (jX/5XI loop),
refolding pathway of hFGF-1 using a variety of techniques, and Vall51, Serl52, and Asp154 exchange out within the
including quenched-flow hydrogerdeuterium exchange first 20 min of exchange, reflecting high backbone flexibility
(69). Thus, comparison of the results of the native-state of these residues (Table 1). Similarly, residueg-strands
hydrogen-exchange kinetics obtained in the present study andVIll and XlI (Cys97—Leul103), which are shown to play a
the quenched-flow hydrogerdeuterium (H/D)-exchange crucial role in the interaction of FGF-1 with the linker
data provides a good opportunity to examine whether there between the D2 and D3 domains (of the receptor), exchange
exists a relationship between slowly exchanging regions andrapidly with the solvent (BO, Figure 7A). In addition, the
the folding nucleus of proteins. Complete refolding of amide proton of Glul01 (if-strand VIII), that is highly
hFGF-1 occurs in about 100 s. Quenched-flow H/D-exchange conserved in all FGFs and shown to participate in crucial
data revealed that the first structural event observed duringhydrogen bond interaction with the D2 domain of the
the refolding of hFGF-1 is the generation of the basic receptor, exchanges rapidly with the solvent (Figure 7A).
p-trefoil framework provided by the simultaneous formation Therefore, it appears that the recognition and kinetics of the
of f-strands I, IV, I1X, and X. However, the equilibrium H/D-  FGF-1/receptor interaction are primarily governed by resi-
exchange data (acquired in the present study) show that alldues located in the region(s) of the ligand (FGF-1) exhibiting
four of thesep-strands (I, IV, 1X, and X) display smaller high backbone flexibility. The structured regions of the
protection factors (Figure 7A,C). On the other hghidtrands FGF-1 molecule seem to be involved in the stabilization of
Il and VI, which exhibit exceptionally large average protec- the ligand-receptor complex. A detailed study using site-
tion factor values, are observed to be formed late during the specific mutants is currently underway to validate some of
refolding of the protein. Similarly, Arg38, Ser72, and Ala80, the proposals made in this study.

which are highly protected from exchange £ 500 000),

exhibit relatively large refolding time constant values (70). REFERENCES
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