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by NMR native state hydrogen exchange as a function
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Abstract

Native state hydrogen exchange of cold shock protei@#pA) has been characterized as a function of the denaturant

urea and of the stabilizing agent trimethylamidexide (TMAO). The structure of CspA has five strands@theet.
Strand$31-34 have strongly protected amide protons that, based on experiments as a function of urea, exchange through
a simple all-or-none global unfolding mechanism. By contrast, the protection of amide protons from@&rentbo

weak to measure in water. Strag8 is hydrogen bonded to strand8 andB4, both of which afford strong protection

from solvent exchange. Gaussian network mo@@NM) simulations, which assume that the degree of protection
depends on tertiary contact density in the native structure, accurately predict the strong protection observed in strands
B1-B4 but fail to account for the weak protection in strg8%l. The most conspicuous feature of strg@flis its low

sequence hydrophobicity. In the presence of TMAO, there is an increase in the protection of gttafids and
protection extends to amide protons in more hydrophilic segments of the protein, including Sr@mdl the loops
connecting thes3-strands. TMAO stabilizes proteins by raising the free energy of the denatured state, due to highly
unfavorable interactions between TMAO and the exposed peptide backbone. As such, the stabilizing effects of TMAO
are expected to be relatively independent of sequence hydrophobicity. The present results suggest that the magnitude of
solvent exchange protection depends more on solvent accessibility in the ensemble of exchange susceptible conforma-
tions than on the strength of hydrogen-bonding interactions in the native structure.

Keywords: hydrogen bonding; hydrogen exchange; OB-fold; osmolyte; protein folding; protein stabilization; sequence
hydrophobicity; two-state folding approximation

Cold shock protein ACspA) is a 70 residug7.4 kDg protein  a large superfamily of nonhomologous proteins that typically share
expressed irfEscherichia colifollowing a rapid drop in tempera- oligonucleotide or oligosaccharide binding functiéMurzin, 1993.
ture from 37 to 10C (Chatterjee et al., 1993; Schindelin et al., Our group has been interested in the extent to which folding and
1994; Jiang et al., 1997; Feng et al., 1298he protein is believed misfolding mechanisms are conserved within structurally related
to function as an RNA chaperone, facilitating translation at low OB-fold proteins(Alexandrescu et al., 1999
temperatures by preventing the formation of mMRNA secondary As monitored by circular dichroisiCD) and fluorimetry, cold
structure(Jiang et al., 1997 The sequence of CspA shows ho- shock protein homologues froB coli, Bacillus subtilis Bacillus
mology to a large number of prokaryotic proteif®erl etal., 1998  caldolyticus and Thermotoga maritimahow apparent two-state
and to the family of eukaryotic Y-box proteiggvolffe, 1994. The equilibrium unfolding transitions when denatured by urea or gua-
structure of CspASchindelin et al., 1994; Feng et al., 19%®n- nidinium hydrochloride(Schindler et al., 1995; Perl et al., 1998;
sists of a five strande@-barrel (Fig. 1) and is assigned in the Reid et al., 1998 Indeed, it has been argued that two-state tran-
SCOP classification of protein topologi€slurzin et al., 1995 to sitions may be typical of “small” protein€Schindler & Schmid,
the OB-fold motif(Murzin, 1993. This OB-fold motif is found in ~ 1996; Fersht, 1997; Jackson, 1998
The recently described “native state hydrogen exchange” exper-
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and Cell Biology, University of Connecticut, 75 North Eagleville Road @Mide protons can be shielded from solvent exchange by protein
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Results

Protection from solvent exchange

CspA has a low stability to unfolding with aG,(0) of ~2.8
kcal/mol at pD 5.4 and 3C (where pD is the glass electrode
reading of a RO solution uncorrected for the deuterium isotope
effecy). The low stability of the protein results in fast hydrogen
exchange rates. A previous study established that nearly all of the
backbone amide protons of CspA are fully exchanged wighi of
dissolving the protein in BD, at pD 6.0 and a temperature of 8D
(Feng et al., 1998 To minimize intrinsic solvent exchange rates
(Bai et al., 1993 the measurements in the present work were
performed at lower temperature and more acidic pD. Figure 2A
shows artH-1°N heteronuclear single quantum cohere(id8QC)
spectrum of CspA in KO, at pH 5.4 and a temperature ofG
Under these conditions, 58 of the 67 backbdhk-1°N correla-
tions expected from the amino acid sequence of CspA are resolved
Fig. 1. MOLSCRIPT diagram(Kraulis, 1991 of the X-ray structure of and can be used as site-specific probes of solvent exchange. On
CspA(Schindelin et al., 1994 In the X-ray structure, the five strands of dissolving the protein in BD, 21(36%) of the resolved correla-

@jﬁ'ﬁg;i‘ég?;ggrﬁ tt%éﬁﬂ%f;?fgﬁg}i;?ﬁgi?fg;;gﬁg;;g;i? tions persist for at least 30 miiFig. 2B), and 9 persist for longer

strandsB2 and 5 are slightly different: residues 18-22 and 63-70, re- than 1 day. The number of amide protons protected after 30 min
spectively. The three strandg@ll-33 meander(light gray) and two-  increases to 3560%) in the presence of 0.2 M TMAQFig. 20),
strandegB4-85 hairpin(dark gray fold into a closed five-strande@tbarrel.  an osmolyte that has been shown to stabilize proteins to denatur-
ation (Lin & Timasheff, 1994; Wang & Bolen, 1997; Baskakov &
Bolen, 1998; Baskakov et al., 1999ncreased protection from
solvent exchange has been previously described for proteins in the
Under conditions that favor the native statelosed exchange- ~ Presence of the osmolytes sucrose and glytiliang et al., 1995;

resistant conformations are in equilibrium with minute concentra-F00rd & Leatherbarrow, 1998 S

tions of “operi exchange-susceptible conformations, as dictated HYdrogen bonds in the X-ray structure of CsgBchindelin

by the Boltzmann distribution of the system. Since solvent ex-gtal, 1994w§re identified using cutoff criteria of an amide proton
change occurs througbpen conformations, these will influence {0 acceptor distance of less than 2.5 A and an N-H-acceptor angle
measured exchange rates even when they exist in a background @éater than 120 Based on these criteria, 44 of the backbone
more than 99%closed conformations. Hydrogen exchange can @Mide protons in Cspf66%) serve as hydrogen bond donors. Of
thus be used to probe the stabilities of minutely populéted)  these, 2148% are protected in BD, and 33(75%) are protected
partially or completely unfolded species, under conditions thad" D20 solutions containing 0.2 M TMAO. With the possible ex-
strongly favor the native state. This contrasts with equilibrium C€Ption of Lys50, whoséH—°N correlation overlaps with that of
unfolding transitions, which require a range of solution conditions V&9, all of the amide protons protected in® are involved in

such that populations vary betweerb and ~95% (Bai & En- hydrogen bonds. Of the additional amide protons protected in the
glander, 1995 presence of TMAQO, those of Lys28, Asp29, and Leu45 do not

It has been pointed out that the native state hydrogen exchandticipate in hydrogen bonds.
experiment cannot provide information on the pathway of protein
folding (Clarke & Fer;ht, 1996; Clarke. et a}l., 1997; Iltzhaki et al., Exchange mechanism
1997). At the same time, it is becoming increasingly clear that
protein folding is a highly heterogeneous process, which is poorlyExperimentally determined hydrogen exchange réitgs) depend
described in terms of a discrete sequence of evéisrison &  on closing(ky), opening(kop), and intrinsia(ki,;) rates of exchange
Durbin, 1985; Zhou & Wang, 1996; Dill & Chan, 1987In the  (Equation }. Intrinsic exchange rates are influenced by factors
absence of a pathway, the distinction between species that agich as solution pD, temperature, amino acid type, and sequence
“on-pathway” and “off-pathway” is at best blurred. Perhaps theneighbors. These can be modeled from a database of exchange
most direct route toward understanding protein folding is to char+ates for small unstructured peptidéBai et al., 1993 Under
acterize the thermodynamic determinants of protein stru¢ame  native conditiongk,, < k), and assuming that the concentration
finsen, 1973; Tanford, 1978When coupled to the resolving power of openconformation is at steady state, the observed exchange rate
of NMR, native state hydrogen exchange offers an unparalleleds given by
opportunity to investigate the energetics of protein structure at
residue-level resolutiofBai et al., 1995; Chamberlain et al., 1996; KopKint
Yi et al., 1997; Fuentes & Wand, 1998; Alexandrescu et al., 1999 Kobs = m

To complement the extensive equilibrium and kinetic folding cf 7 Tint
studies of cold shock protein§chindler et al., 1995; Perl et al.,
1998; Reid et al., 1998 the present work examines the micro-
scopic stability of theE. coli CspA by the native state hydrogen
exchange method. Kobs = Kop ©)

@

In the EX1limit (kg << Kiny),
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Fig. 2. 'H-N HSQC spectra of CspA illustrating amide protons protected from solvent exchang@spA in H,0O at pH 5.4.

B: Freshly dissolved CspA after 30 min of exchange p®Oat pD 5.4.C: Freshly dissolved CspA after 30 min of exchange in,®D
solution containing 0.2 M TMAO, pD 5.4. Amide protons that are not protected in eitf@rdd D,O/ TMAQO are labeled irA. Amide
protons protected in D are labeled irB. Protons that only become strongly protected in the presence of 0.2 M TMAQO are labeled
in C. Residues Gly7, Gly17, and Phe20 are marginally protected,@ &nd are observed at lower contour levels in the spectrum

shown inB.
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and the observed rates are limited by the rates ofdpening  B1-84, obtained from hydrogen exchange measurements as a func-

reactions. tion of both urea and TMAO at pD 5.4, match those determined
In the EX2limit (kine < Kgp), from equilibrium unfolding. In spite of disparatg, values, the
most slowly exchanging amide protons give unifoa@,(0) val-
Kop ues, an observation inconsistent wiX1 exchange(Bai et al.,
Kobs = <k_|> Kint 4) 1995. Finally, stopped flow fluorescence measurements indicate
Cl

that the refolding of CspA from urea is extremely féReid et al.,

and the observed rates are proportional to the equilibrium con-lgga' AtpH 7.0 and 25C, the folding rates of CSpA were est-
brop d mated to be 18875 in H,O and 67 st in the presence of 1.5 M

stants relating the concentrations ajfen and closed conforma- urea(Reid et al., 1998 For comparison, the highest intrinsic rate

tions. In turn, these can be related tp the free energy d'ﬁerenceg'alculated for CspA at pD 5.4 and°8 is 0.1 s . Assuming
between open and closed conformations

similar folding kinetics for the present conditiorlg;; is at least

K four orders of magnitude slower th&g in the absence of dena-

AGux = —RTIn obs ) (5) turant, and at least three orders of magnitude slower kkhan the
presence of 1.5 M urea.

int

Above pD~ 4, the logarithm ok, is linearly proportional to pD.
If protein stability is invariant over the pD range studied, solvent
exchange rates measured at different pD values can be used ©
determine ifEX1or EX2 exchange mechanisms predomindeai Figure 4A summarizedGuy values calculated from Equation 5
et al., 1993; Clarke & Fersht, 1996; Yi et al., 1997 under the assumption &X2 exchange. The first four strands of

Figure 3A shows a linear regression of (&g,¢ values obtained B-sheet show uniformly highGx values of 3.4+ 0.2 kca/mol
for CspA in D,O at pD 5.4 and 7.2. Because the mechanism of(mean+ standard deviation The only two amide protons that
exchange can shift from theX2 to EX1 with increasing concen- show significantly lowerAGyy values are Asp24 in the loop be-
tration of denaturant, as protein stability and folding rates decreaseveen strandg2 andg3, and Leu70 the C-terminus at the end of
(Clarke & Fersht, 1996; Yi et al., 1997; Fuentes & Wand, 1998 strand35. The two residues have the tenth lowest and lowest
the pD dependence of exchange was also measured in the presergginsic exchange rates in the protein, respectively. This observa-
of 1.5 M urea(Fig. 3B), the highest concentration of denaturant tion suggests a stability threshold, below which the measurement
used in this study. The slope of the linear regressions for thef solvent exchange protection is precluded by fast intrinsic ex-
samples in both water and 1.5 M urea are close to unity. Thehange rates. Except for Leu70, amide protons in stghdhow
observed differences in hydrogen exchange rates, however, are less detectable protection from solvent exchange in water. In retro-
than expected for aBX2 mechanism, where the logarithm laf,s spect, the pattern of protection observed in this work is very sim-
should increase linearly with pD. The y-intercept for the data inilar to that reported for CspA at pD 6.0 and ®[cf. Fig. 3 of
water is—1.4=+ 0.2, whereas the difference in pDs predicts a valueFeng et al(1998]. At the higher pD and temperature, most amide
of —1.8(Fig. 3A). Similarly, the y-intercept of-0.3+ 0.6 for the  protons from strand81-84 were protected, however, in strag
protein in 1.5 M urea is lower than the 1.2 difference in pD  protection was only detected for LeutBeng et al., 1998
values(Fig. 3A). The discrepancies could be dueB&1exchange, The AGhy's for the subset of amide protons protected in water
where kops Will tend to be independent df,; and constant as a (Fig. 4A) increases by 0.% 0.1 kca}mol in the presence of 0.2 M
function of pD (Equation 3. Alternatively, the assumption that TMAO (Fig. 4B). Furthermore, protection is observed for addi-
protein stability is invariant as a function of pD may be invalid. tional amide protons from residues in strg88 and in the loops

Figure 3C demonstrates that the stability of CspA to urea denaflanking theB-strands. The majority of amide protons for which
turation decreases with decreasing pD. Similar decreases with d@rotection can only be measured in the presence of TMAO gives
creasing pD were observed for the stability of the protein to thermalower AG,x values than those protected in the absence of TMAO.
denaturatior{inot shown. The equilibrium unfolding transition for This suggests that as TMAO stabilizes the protein, there is an
CspA in 99.8% RO at pD 7.2, gives aA\G,(0) of 3.9 = 0.4 increase in the proportion of amide protons whose exchange is
kcal/mol (Table 1. At pD 5.4,AG,(0) decreases by about 1 k¢al sufficiently slowed to enable a quantitative determination of
mol compared to pD 7.2Table 1. The increase itk,,s expected  protection.
for EX2 exchange due to the larger value lgf; at higher pH is
partially compensated by the smaller concentration of exchang
susceptible denatured molecules on raising the pD from 5.4 to 7.
(Equations 4, b

The use of the pD dependence of exchange rates to distinguidkigure 4D shows simulatesiG,x values, calculated from the X-ray
betweerEX1andEX2mechanisms is precluded by the pD depen- (Schindelin et al., 1994and NMR(Feng et al., 1998structures of
dence of the stability of CspA. A number of considerations, how-CspA using the Gaussian network mo@@@NM) algorithm(Bahar
ever, strongly suggest that exchange at pD 5.4 ai@ i§ in the et al., 1998. The GNM formalism models fluctuations about the
EX2 limit. First, in contrast to the data in Figure 3B, a plot of mean native conformation of a protein. Fluctuations are assumed
log(Kope) at pD 5.4 and 7.2 for CspA in 1.5 M urea gives a slope to depend only on the distribution of tertiary contacts within 7 A.
of 0.07 (not shown. This is consistent with aBX2 mechanism at Interactions between residue pairs are assumed to be homo-
pD 5.4 in the presence of 1.5 M urea, which switcheEXd only geneous, to obey a harmonic potential, and to have a uniform force
at higher pD values between 6.5 and 7.2. Second,ABg(0) constanty regardless of residue type. The teynthus becomes an
values for the most slowly exchanging amide protons in strandsidjustable parameter that can be used to scale simulated values

Magnitude of protection in the absence
d presence of TMAO

olvent exchange in relation to native structure
and sequence hydrophobicity
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Fig. 3. Dependence of exchange rates and equilibrium unfolding transitions on solutigx ot of log(kyx) at pD 5.4 and 7.2 for
CspA in D,O. B: Plot of log(kyx) at pD 5.4 and 6.5 for CspA in D containing 1.5 M urea. Each data point corresponds to an
individual residueC: Urea-induced equilibrium unfolding transitions monitored by ellipticity at 222 nm for CspA in 99.8%dD

three pD values. All experiments are at& The curves represent fits of the equilibrium unfolding data to a two state denaturation
model(Pace, 1986 Values for[ured;,;, m, andAG,(0) obtained from the fits are given in Table 1.
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Table 1. The pD dependence of the midpoint, m, agl|,(0)
values for urea denaturation of CspA in 99.8%@
followed by CD at 5C

[ured), m AGy(0)
pD (M) (kcal mol't M%) (kcal mol™t)
7.2 59+ 0.1 0.7 0.1 3.9+ 04
5.4 3.1+ 0.2 0.9+ 0.2 2.8+ 0.5
4.4 2.4+ 0.1 1.0+ 0.1 2.4+ 0.2

with respect to the experimental datBahar et al., 1998 The

GNM approach has been successfully used to model crystallo-
graphicB factors, as well aaGyx values of five proteingBahar
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B1-B4 but fails to predict the lack of protection for stra#l. The
results in 0.2 M TMAO(Fig. 4B) are more consistent with the
GNM simulations, although experimentaGy values for strand
B5 remain lower than predicted.

The hydrophobicity profile of the CspA sequence is shown in
Figure 4C. The most hydrophobic segment of the protein corre-
sponds to residues Phe34-I1le37, which in the native structure is
downstream of strang@3 (see also Alexandrescu & Rathgeb-
Szabo, 1990 The high sequence hydrophobicity of this segment is
not reflected in unusually highGpx values. The least hydropho-
bic segment involved in the regular secondary structure of the
protein is strang35, with a positive peak area nearly half that of
any of the other foup-strands in the protein.

Dependence of exchange on urea and TMAO concentration

An opening reaction productive for solvent exchange can take the

etal., 1998 When applied to CspA, the GNM approach accuratelyform of a noncooperative local fluctuation, which only affects the
predicts uniformly high stabilities to hydrogen exchange for strandsmmediate vicinity of a given amide proton, a cooperative partial

B1 p2 B3 p4 5
1A
4.0 7
H
= 3.01
©
o
£ J
o, ]
o 2.07
x
X J
O}
Q
1.0 7
0.0
0 10 20 30 40 50 60 70
3.0
2.0
o 1
S 1.07
€D ]
° 00‘
5 -07]
g 07
Q. 4
[
T -1.07
BN ]
-2.0 7]
-3.0 LU B I S B S S S S S B B N S B B B B B B S S S B S
0 10 20 30 40 50 60 70
Residue

4.0 ]

3.0 7

2.0 7

. [0.2M TMAQ] (keal/mol)

AG
H

1.0 7

0.0 1 r m

4.0

3.5

3.0

(kcal/mol)

2.5

HX

2.0

1.5

Simulated AG

1.0

pa el bova s bo v a ba v bov g loaan

0.5 T T T T T T T T T T T
0 10 20 30 40 50 60 70
Residue

Fig. 4. Measured and simulated hydrogen exchange protection and sequence hydrophabiexyerimentahGyx values for CspA

in D,O. B: ExperimentalAGpy values for CspA in a BO solution containing 0.2 M TMAOC: Kyte and Doolittle(1982 hydro-
phobicity profile for the CspA sequence. Positive and negative values indicate hydrophobic and hydrophilic scores, respectively.
D: SimulatedAGpyx values calculated by application of the GNM algoritfiBahar et al., 1998to the crystaksolid line) and NMR

(dashed ling structures of CspASchindelin et al., 1994; Feng et al., 1998he horizontal bars at the top of each plot indicate the
sequence positions of thgstrands in the X-ray structure of Csg&chindelin et al., 1994
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unfolding of a segment of the protein, or a complete “global” centration of the denaturant uré&quation 6. Figures 6B and 6D
unfolding transition. Localized noncooperative opening reactionssummarizeAG,(0) andm-values obtained from fits of increases in
expose little new surface to denaturant. Consequently, protectioAGx values with increasing concentration of the stabilizing agent
from solvent exchange will show little dependence on denaturanTMAO (Equation 6. The black columns in Figures 6B and 6D
concentration. Cooperative subglobal or global opening reactionsorrespond to amide protons from stramgis{34 that are strongly
expose moderate to large amounts of surface to denaturant. Aprotected in the absence of TMAQO. For these amide protons, it was
cordingly, solvent exchange through these mechanisms will bgossible to characterize both the urea and TMAO dependence of
promoted with increasing concentration of denaturant. The deperiiydrogen exchange. Due to the linear dependena&pi (Fig. 5),
dence of native state hydrogen exchange on denaturant concentextrapolation from urea or TMAO gives very similar values for
tion can be used to ascertain the cooperativities of the openingG,(0), the change in free energy in the absence of additives. The
reactions responsible for exchange. If the dominant contributionsnagnitudes of the slopesnvalueg obtained from the TMAO
to exchange are from cooperative partial or complete unfoldingitrations(Fig. 6D) are about twice as large as those from the urea
reactionsAGyy has a linear dependence on denaturant concentratiotitrations (Fig. 6C). This observation is likely to reflect that on a
molar basis the stabilizing effects of TMAO are twice as large as
AGux = AG,(0) — (m=[D]) ©®) the destabilizing effects of urgdin & Timasheff, 1994.
whereAG,(0) is the change in free energy of unfolding extrapo-  The red columns in Figures 6B and 6D correspond to amide
lated to zero concentration of denaturant, and riealue de-  Protons that were too weakly protected to enable the characteriza-
scribes the slope of the denaturant concentration dependence #@n of the urea dependence aG,x. Small AGyx values could
AGyyx. For some protons, exchange is initially invariant at low reflect susceptibility to exchange through local fluctuations, or
concentrations of denaturant and increases at high concentratiofough unfolding. In analogy to the analysis of the effects of
(Bai et al., 1995; Chamberlain et al., 19980 treat these cases, denaturants on hydrogen exchari@eai et al., 1995; Chamberlain
AGyy is modeled to contain contributions from two types of ex- €t al., 1996, the two mechanisms can be distinguished from the

change mechanisms: cooperativity of the dependence 86, on the concentration of
the stabilizer TMAO. Localized noncooperative fluctuations, ac-
AGuw = —RTIN <exp<—ﬁ> companied by only small changes in surface exposed to solvent,
HX should be relatively independent of TMAO concentration. By con-

trast, cooperative subglobal or global opening reactions that ex-
+ exp[ ((m=[D]) — AG4(0) D 7) pose moderate to large new surface area to solvent should give
RT large increases inGyx with increasing TMAO concentratigitarge
(!]egativemvalues. Phe34 and Leu45 have-values close to zero.

AGsis associated with noncooperative denaturant-independent flu Vlost of th - K tectérbd id i h
tuations. The previously described5,(0) term is associated with ost of the remaining weakly protectéred) amide protons, how-

cooperative unfolding processes that are promoted with denaturarf’ " havemvalues that are close to those of the strongly prqtected
Figure 5A shows plots 0AGyy as a function of urea for four (black) amide protons, which exchange through a cooperative glo-

representative protons in CspA. Of the 19 protons that were amé?_al unfoI(_jlng mechanlst(ﬂg. 6D). This observation is more con-
nable to analysis, 18 showed a linear decreas&Gfy with in- sistent with smalhG,(0)’s for the weakly protected residues than

creasing concentration of urea, described by the simpler model Osfmall AGys (Equation 7. The AG,(0) values obtained from ex-

Equation 6. The sole exception Phe3l is better fit by the mode‘rapolation of the TMAO data to 0 M TMAO are 14 0.7 kcaf
of Equation 7, with a\G; of 3.2+ 0.2 kcaVmol and aAG,(0) of mol smaller for thered, compared to the strongly protectbtack

4.0+ 0.4 kca/mol. A similar predominance of linear dependen- 2Mide protonsFig. 6B). In the absence of TMAO, the stabilities

cies for acid denatured RNaseH has been attributed to the "molte?l]c exchange-resistant conformations for the weakly protedd

globule” character of this speci@Shamberlain & Marqusee, 1998 a_lmide protons appear to be so low _that exchange is complete on
The present results suggest that the observation of a single type ge scales comparable to the dead times of the NMR experiments.
exchange mechanistiEquation § may be a consequence of a low
stability to unfolding(3 kcal/mol for CspA and 4 kcalmol for Discussion
acid denatured RNaseH

Figure 5B shows plots of the TMAO concentration dependenceGlobal unfolding of strandg1-34, subglobal
of AGyx. The subset of amide protons that are strongly protectedinfolding of loops and strang@5
in D,O (Fig. 4A) show a linear increase &fG,x from 3.4+ 0.2
kcal/mol in the absence of TMAO to a maximum of 4430.2
kcal/mol in the presence of 0.5 M TMAO. Further increases in
TMAO concentration lead to a plateau 0.6 M, followed by
decreases inGyy values by 1 M TMAO(not shown. At this time, _ o .
the effects of high TMAO concentrations have not been examineél’alue of 2.8+ 0.5 kcafmol obtained for equilibrium unfolding

in detail, and the analysis presented here is limited to the "neaponltored by c!rcular dlchr0|sr('F|g.'3C). There_ are two prolmeg
increases imMGyy observed up to 0.5 M TMAO. In CspA. Thecis and trans proline isomers will not reach their

equilibrium populations in hydrogen exchange experiméBis
et al., 1994. Assuming that the ratio ofis:itrans isomers in un-
folded CspA is 1:4, this effect will overestimateG,x by 0.25
kcal/mol relative to theAG,(0) values measured in equilibrium
Figures 6A and 6C summariz&s,(0) andm-values obtained from  unfolding transitiongBai et al., 1994 Including this correction
least-squares fits of decreasexi@x values with increasing con- further improves the agreement between the larg€st0) values

The first four strands of the CspB-sheet give uniformly large
AG,(0) andm-values for urea-induced unfolding reactions moni-
tored by native state hydrogen exchan@ég. 6A,C). The AGpx
values for strand@1-84 are in good agreement with th&s,(0)

Free energy changes and cooperativities
of opening reactions
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Fig. 5. AGux as a function of A) urea andB) TMAO concentration. Representative residues from each of the first four strands of the
CspAB-sheet are shown.

measured from hydrogen exchange and equilibrium unfolding. Thesmagnitude of the TMAO dependence afS,y, are similar for
observations suggest that amide protons from str@idg4 ex- strands31-84 andB5 (Fig. 6D). In analogy to the interpretation of
change through an all-or-none global unfolding mechanism. the effects of denaturants on hydrogen exchaggiations 6, ¥,

With the exception of Leu70, amide protons from strg8il  large negativen-values suggest a cooperative stabilization of am-
show no measurable protection in the absence of TMAO. The lackde protons to hydrogen exchange in the presence of TMAO. In
of protection signifies that the free energy changes for openingontrast to than-values, theAG,(0) values for strangg5 are~2
reactions that promote exchange are small. These opening reakeal/mol lower than those for strand81-B4. Taken together,
tions could represent noncooperative fluctuations, or more coopthese observations suggest that the small protection of amide pro-
erative partial unfolding transitions. Purely localized fluctuationstons in strand35 reflects a low free energy barrier to segmental
seem an unlikely source for the equally weak protection of allunfolding.
amide protons in strang5. GNM simulationgBahar et al., 1998 Interestingly, the amide protons of residues in the loops between
predict that stran@5 should be no more susceptible to conforma- the B-strands show similar behavigFig. 6B,D). These residues
tional fluctuations about the native structure than strgdtis34 give lowerAG,(0)’s, together withm-values that are comparable to
(Fig. 4D). Protection of amide protons from strap® becomes those of strandg31-84. As with strandB5, this suggests that
detectable in the presence of TMAO. Timevalues, describing the exchange from these residues is cooperative and that the free en-
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Fig. 6. Thermodynamic parameters for CspA unfolding reactions from hydrogen exchange measurements as a flAgGomiea
and(B,D) TMAO. Note that them-values inD, which describe stabilization to hydrogen exchange as a function of increasing TMAO
concentration, have a negative sigee Fig. 5B; Equation)6Black columns indicate strongly protected residues. For these residues,
exchange could be monitored both as a function of urea and TMAO. The red coluBi3 iimdicate weakly protected residues whose
exchange could only be characterized as a function of TMAO. The horizontal blue lideB,i@ indicate parameters obtained from
the urea-induced equilibrium unfolding transitions of CspA igOD measured by circular dichroisf@22 nm at 5°C and pD 5.4
(Table 1. The horizontal blue line i is them-value obtained from the equilibrium unfolding transition at pD 5.4, multiplied by a
factor of —2.

ergy changes for opening reactions that promote exchange aldagnitude of solvent exchange protection
smaller than those for global unfolding. in relation to hydrogen bonding

At pH 2.0, acid denatured CspA self-assembles into polymers
with morphologies similar to those of amyloid fibrildlexan- There is a strong correspondence between amide protons that are
drescu & Rathgeb-Szabo, 1998, 1999art of the motivation for  protected from solvent exchange and amide protons that are hy-
the present study was to see if native state hydrogen exchangkogen bond donors in the native structure of CspA. All of the
experiments could provide information on partially folded forms amide protons that persist in,O (Fig. 2A) are involved in hy-
of CspA, which might be involved in fibril formation. The expo- drogen bonds. The degree of protection from solvent exchange,
nential growth phase of fibril formation is associated with de- however, is poorly correlated with hydrogen-bonding. Hydrogen-
creases in'>N T2's of residues from the N-terminal half and bonded amide protons in the hydrophobic stragbitig34 are strongly
increases in théSN T2's of residues from the C-terminal half of protected, while hydrogen-bonded amide protons in stgfcand
CspA. These effects were interpreted as a restriction in the mobilin the hydrophilic loops, show no detectable protection in water. In
ity of the N-terminal half of the protein upon intermolecular mis- the native structure of CspA, stragb is involved in an antipar-
pairing of theB1-83 meander; concomitant with an increase in the allel interaction with strangg4 and in an irregular parallel inter-
flexibility of the C-terminal half of the protein encompassing the action with strang33. For simplicity, only the hydrogen-bonding
B4-B5 hairpin(Alexandrescu & Rathgeb-Szabo, 199bhe present  network between strang34 and g5 is consideredFig. 7). The
results indicate that strangb is susceptible to subglobal unfold- residues in stran@5 show uniformly weak protection. The resi-
ing. StrandB4, however, appears to exchange only through a glo-dues in stran@4 show strong protection. The sole exception is the
bal unfolding mechanism together with strafids33. The present last residue in stran@4, Glu56. The different degrees of protec-
data do not rule out the possibility that unfolding mechanismstion for amide protons in strang34 andg5 are difficult to rec-
could differ between neutral and acidic pH. oncile in terms of the native structure of CspA. A cooperative
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Fig. 7. Hydrogen bond network connecting strafdsandB5 in the X-ray structure of CspfSchindelin et al., 1994 StrandB4 forms

an additional antiparallel interaction with the N-terminal half of str@iid StrandB5 forms an additional short irregular parallel
interaction with strang@3. HN protons are shown as spheres and are color coded accordi@y, (@ TMAO) values(Fig. 6B): blue,

strong protection; orange, moderate protection; pink, protection too weak to quantitate, or no protection. The extent of protection for
the amide protons of Lys50 and lle%gray) could not be determined because of NMR signal ovetipg. 20).

segmental unfolding of strangb, or for that matter less cooper-

kov & Bolen, 1998. In agreement with these observatiohd,and

ative local fluctuations, should transiently disrupt the hydrogen'>N chemical shifts of native CspA are nearly invariant over the

bonding network between stran@é andg5 (Fig. 7). If protection

range of TMAO concentrations used in this study.

from solvent exchange were exclusively a function of hydrogen Protein stability depends on the free energy difference between

bonding, amide protons frog¢ that are hydrogen bond donors for
carbonyl acceptors 085 should show weaker protection reflect-
ing the lower stability of stran@5. In fact, most amide protons in
strand 84 show uniformly strong protectiofFigs. 4A, 6B, 7,
regardless of whether they are hydrogen-bond donors for seand
(Gly48, Val51, Phebg for strandB5 (Ser52, Thr54 or for a
reverse turnGIn49 HN to Asp46 CQ The extent of protection

native and denatured states. The stabilizing effects of TMAO are
believed to result from a small increase in the free energy of the
native state, coupled with a much larger increase in the free energy
of the denatured statéin & Timasheff, 1994; Liu & Bolen, 1995;
Wang & Bolen, 1997. This is illustrated in Figure 8. A corollary

of this mechanism is that the increased protection from solvent
exchange observed in the presence of TMAO should reflect changes

appears to be more closely related to sequence hydrophobiciiy the properties of the denatured state rather than of the native
(Fig. 40) than to hydrogen-bonding interactions in the native struc-state. This agrees with the observation that the low protection of
ture. A similar agreement between protection and sequence hydratrand 85 is poorly correlated with the distribution of tertiary

phobicity, and lack of a correspondence with hydrogen-bondingcontacts, and with hydrogen bonding partners in the native struc-

partners, has been noted for the OB-fold protein Ly@#\exan-
drescu et al., 1999

Stabilization against solvent exchange
in the presence of TMAO

Small organic osmolytes are accumulated by plants, animals, and

microorganisms to maintain cellular osmotic balati¢ancey et al.,

1982. In some cartilaginous fish, urea is present at concentrations

as high as 0.4 MLin & Timasheff, 1994; Wang & Bolen, 1997

To counteract the deleterious effects of urea on protein stability,
these fish accumulate a second set of nitrogenous osmolytes, in-

cluding TMAO (Lin & Timasheff, 1994; Liu & Bolen, 1995; Wang
& Bolen, 1997. The physiological ratio of urea:TMAO in fish,
such as sharks and rays, is typically between 3:2 andYatcey
et al., 1982; Lin & Timasheff, 1994; Wang & Bolen, 1997The

stabilizing effects of TMAO, sometimes called a “chemical chap-
erone” (Brown et al., 199§ contrasts those of alcohols such as

ture. The low stability to exchange of amide protons from strand
B5 is suggestive of conformations in which this strand is segmen-

A Water TMAO

u, TMAO

A
AGu,water

D

Free energy

TFE. TMAO stabilizes compact conformations, and structure is v

stabilized cooperativelyBaskakov et al., 1999 Furthermore, as

N —————

shown for proteins destabilized by mutagenesis or covalent modsig. 8. Free energy diagram illustrating the effects of TMAO on protein

ification, the structure stabilized by TMAO is native-likBaska-

stability (Lin & Timasheff, 1994.
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tally uncoupled from the rest of the structure. Conversely, the~0.275 mL of 99.98% BO were kept on ice prior to measure-
strong protection of amide protons in stran@s-84 points to a  ments, transferred into 5 mm susceptibility-matched tBbiggemi,
residual shielding from solvent exchange when hydrogen-bondind\llison Park, Pennsylvanja and inserted into the NMR probe
interactions between strand$—84 andg5 are broken. That TMAO  pre-equilibrated to a temperature of&. Typically, the time be-
leads to increased protection throughout the molecule suggests thimteen sample preparation and the start of NMR data acquisition
the free energies of both partially and globally unfolded species ar&vas ~10 min. Backbone amide proton exchange was monitored
increased, making exchange susceptible conformations less accesith sensitivity-enhanced gradieht->N HSQC experiment&Kay
sible from the native state. et al., 1992, recorded as a function of incubation time ip@ For
Solution transfer free energy measurements suggest that the pepach urea and TMAO concentration, 14 to 21 time points were
tide backbone is the dominant factor in the stabilization of proteinsused to characterize exchange rates. HSQC spectra were acquired
by TMAO (Liu & Bolen, 1995; Wang & Bolen, 1997 Favorable  with 2,048*x 100* points, and spectral widths of 8,000 HH) X
interactions between TMAO and amino acid side chains promote,900 Hz(*°N).
denaturation; highly unfavorable interactions between TMAO and
the exposed peptide backbone of the unfolded protein strongl
oppose denaturatioVang & Bolen, 1997. This contrasts with
protein unfolding in water, which is strongly opposed by unfavor- *H-*N NMR assignments for CspA were based on the published
able interactions between solvent and exposed nonpolar side chainkemical shift values of Feng et &L998. Titration experiments
in unfolded conformationge.g., the hydrophobic effectlf the (varying temperature and pHvere used to correlate the assign-
stabilizing effects of TMAQO are predominantly due to the peptidements obtained at pH 6.0 and {0, with the conditions of the
backbone, stabilization should become increasingly independent gfresent studypH 5.4, 5°C). Hydrogen exchange was character-
amino acid hydrophobicity with increasing TMAQO concentration ized by the decay ofH-'N HSQC cross-peak intensities as a
(Wang & Bolen, 1997. In the range of TMAO concentrations used function of exchange time, defined as the period from the insertion
for this work, protection becomes detectable for amide protons irof the sample into the NMR probe until the end of each HSQC
the weakly hydrophobic stran@5 and in the hydrophilic loops experiment. To compensate for possible chemical shift variations
flanking theB-strands(Fig. 6B). The most hydrophobic segments during the course of the HX experiment, cross-peak intensities
of the protein, however, still show the strongest protection. were calculated using a macro written for Felix @Vlolecular
Simulations, Burlington, Massachusegtthich returns the maxi-
mum intensity within a window of 6< 6 points centered around

XIMR data analysis

Materials and methods the cross-peak position in the first HSQC spectrum. The same
) procedure with a window of 58 20 points was used to determine
Materials the average absolute intensities in four regions of each spectrum

Urea analytical grade was obtained from Bio-RAD Laboratoriesd€V0id Of cross peaks. The mean of these values was taken as the
(Hercules, California TMAO (98% puré was from Acros Organ- baseline noise and subtracted from the raw cross-peak_ intensities.
ics (Fairlawn, New Jersey To exchange residual 0, TMAO Rate constants for exchan_ge were obtained from no_nllnear_ least-

was lyophilized twice from 99.98% f solutions. CspA was Sduares fits of cross-peak intensity decays as a function of time to

expressed irE. coli using the pET1kspAvector and purified ~ the exponential function:

using a published methd€hatterjee et al., 1993with the mod-

ification that cells were grown in MOPS media supplemented with I = Toexp(—Kext) ®)
I5NH,CI (1 g/L) to prepare!>N labeled proteirAlexandrescu & _ o
Rathgeb-Szabo, 1989 using the program DASHAOrekhov et al., 1995 The initial

intensityl, and the observed exchange riigwere treated as free
variables in the fit. Uncertainties in the, parameters were taken

as the standard errors of the fits. Apparent free energies for ex-
Unfolding transitions were measured on a Jasco J720 spectrop6hangeAGyx, were calculated using observed exchange rates, and
larimeter at 222 nm. The CD data were recorded %,5using a  intrinsic exchange rates modeled according to Bai et1493.

1 mm path length cuvette to minimize interference from urea. Eacifhe urea dependence afGx was fitted to both of the models
ellipticity measurement was the average of three data points respecified by Equations 6 and 7. Thetest on the limiting ratio of
corded over 20 s using a 1.5 nm bandwidth. A 20 mM aceticthe reduced sum of squared err(@soemaker et al., 198tvas used
acid/99.8% DO buffer was used for the measurements at pD 4.5t0 determine whether the model with the higher number of degrees
and 5.4; 20 mM potassium phosphé28.8% DO was used for pD  of freedom(Equation 7 gave a significantly better fit of the data.
7.2. For each pD value, a set of 21-25 samples ofkB5CspA

were prepared by diluting aliquots from two 2 mM (_ZspA stock GNM analysis and hydrophobicity plots

solutions n O M or 10 Murea, to the desired concentration of urea.

Urea concentrations were verified by refractive index measureGaussian network modéGNM) calculations were performed as
ments (Pace, 1986 Samples were incubated overnight £iC5  describedBahar et al., 1998 using a program written i€ (avail-
prior to measurements. able from V.A.J\. The 2 A crystal structure of CspiProtein Data
Bank (PDB) entry 1MJQ and the first model of the CspA NMR
structure(PDB entry 3MEHR were used as input for the calcula-
tions. Hydrophobicity scores for the sequence of CspA were cal-
NMR data were recorded on a Bruker DMX spectrometer operateulated with the ProtScale module of the ExXPASy molecular biology
ing at 500 MHz. Freshly dissolveet1 mM CspA solutions in  serverhttp;//www.expasy.clicgi-bin/protscale.pl The amino acid

Circular dichroism

Hydrogen exchange kinetics monitored by NMR
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scale of Kyte & Doolittle(1982 was used, with averaging over a Foord RL, Leatherbarrow RJ. 1998. Effect of osmolytes on the exchange rates
window of seven residues. of backbone amide protons in proteif&ochemistry 372969-2978.
Fuentes EJ, Wand AJ. 1998. Local dynamics and stability of apocytochrgme
examined by hydrogen exchandgochemistry 373687—3698.
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