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ABSTRACT: Residues Arg3 and Leu66 are crucially important for the enhanced stability of the cold shock
proteinBc-Csp from the thermophil®acillus caldolyticusrelative to its homologu®s-CspB from the
mesophileBacillus subtilis Arg3, which replaces Glu3 &s-CspB, accounts for two-thirds of the stability
difference and for the entire difference in Coulombic interactions between the two proteins. Leu66, which
replaces Glu66 dBs-CspB, contributes additional hydrophobic interactions. To elucidate the role of these
two residues near the chain termini for the rapid folding of the cold shock proteins, we performed an
extensive mutational analysis of the folding kinetics to characterize interactions between residues 3, 46,
and 66 in the transition state of folding. We employed a pressure-jump apparatus which allows folding
to be followed over a broad range of temperatures and urea concentrations in the time range of microseconds
to minutes. The N-terminal region folds early, and the interactions that originate from residue 3 are present
to a large extent in the transition state already. They include a hydrophobic contribution, a general
electrostatic stabilization by the positive charge of ArgBmCsp, and a pairwise Coulombic repulsion

with Glu46 in the Arg3Glu variant. The C-terminus appears to be largely unfolded in the transition state.
The interactions of Leu66, including those with the already structured N-terminal region, are established
only after passage through the transition state. The N- and C-termini of the cold shock proteins thus
contribute differently to the folding kinetics, although they are very close in space in the folded protein.

To understand the mechanism of protein folding, it is temperature and the solvent composition. A residue is
necessary to elucidate the energetic and structural propertieassumed to be in a nativelike region of the transition state
of partially folded intermediates and of the activated or when mutations of this residue change the equilibrium Gibbs
transition states, which control the rate of folding. Folding free energyAGp! and the Gibbs free energy of activation
transition states are most easily investigated for proteins thatfor refolding AG*yy to the same extent. Conversely, when
fold in U = N two-state reactions, because the analysis is the changes ihGp and in the activation energy for unfolding
not complicated by the population of folding intermediates AG* are equal, the mutated residue is assumed to reside
(1—6). The thermodynamic properties of folding transition in an unfolded region of the activated state. This analysis
states and their location along the reaction coordinate usuallywas pioneered by the Matthews grouj® and cast into the
vary between proteins, but mutational analyses of the folding popular @ value analysis by Fershtl7, 18). In these
of proteins, such as chymotrypsin inhibitor 2 (CI2) ©r treatments, it is assumed that the mutations do not affect
several SH3 domaing|(9), indicated that transition states the unfolded state. Interactions between specific sites and
represent small ensembles of well-defined structures in whichtheir importance for the transition state can be elucidated
some chain regions are folded already, whereas others ardy double-mutant analyse$q, 20). Studies of homologous
still unfolded (for a recent review, see 1&f These findings proteins with different conformational stabilities are useful
agree better with the traditional view of protein folding for examining the evolutionary conservation of folding
proceeding along defined pathway$0{12) than with pathways and for elucidating the relationship between an
funnel-type folding where many different routes are available equilibrium stability and folding mechanisn21).
for a protein molecule to reach its native stat8{15). The cold shock proteins from the mesophitescherichia

The contributions of individual residues to the energy of coli (22) and Bacillus subtilis(Bs-CspB), the thermophile
the transition state can be elucidated by mutational studiesBacillus caldolyticus(Bc-Csp), and the hyperthermophile
of the unfolding and refolding kinetics as a function of the
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denaturant urea by using an improved pressure-jump ap-
paratus with a pressure range of 400 bar (40 MPa), a time
resolution of 50us, and an operating range between 1 and
80 °C. The use of GAMCI could thus be avoided and the
electrostatic contributions to the activated state of folding
investigated. We find that the Coulombic interactions orig-
inating from residue 3 are indeed important for folding and
are largely present already in the folding transition state of
the two cold shock proteins. In contrast, the contributions
of C-terminal residue 66, including its interaction with the
residue at position 3, are established only late in folding.

Ficure 1: Ribbon drawing of the tertiary structure B&-Csp. Five MATERIALS AND METHODS
antiparallel-strands (numbered) form @barrel structure. This )
Molscript figure @1) is based on the coordinates of 2%. The Materials. Urea and GdmCI (ultrapure) were from ICN

side chains of residues Arg3, Glu46, and Leu66, as well as the N- (Cleveland, OH). All other chemicals were from Merck
and C-termini, are shown in ball-and-stick representation. (Darmstadt, GermanyBc-Csp andBs-CspB were overex-
pressed irkE. coliwith a bacteriophage T7 RNA polymerase

Thermotoga maritimgTm-Csp) @3) share a very rapid N Promotor system27) and purified as described previously
— U two-state folding reaction with a nativelike folding (3. 25 with minor modifications. Protein variants were
transition state, although these proteins differ significantly constructed by site-directed mutagenesis, overexpressed, and
in stability. The differences in stability betwedsCspB  Ppurified as described previousl24).
andBc-Csp AAGp = 15.8 kJ/mol) R4) originate to a large Heat-Induced Equilibrium Unfolding TransitionEhermal
extent from electrostatic contributions. FBs-CspB, Cou-  unfolding transitions were measured in 100 mM sodium
lombic interactions are unfavorable, and therefore, its stability cacodylate-HCI (pH 7.0) at protein concentrations of\.
increases strongly in the presence of mono- or divalent salts.The transitions were monitored by the decrease of the CD
In the thermophilic proteiBc-Csp, the ionic interactions are ~ signal at 222.6 nm (1 nm bandwidth) in 1 cm cells in a
strongly improved, and therefore, its stability decreases whenJASCO J600 spectropolarimeter (JASCO, Tokyo, Japan).
these interactions are screened by addir@.6 M NaCl Heating rates were 6C/h. Transitions were evaluated using
(25). a nonlinear least-squares fit according to a two-state model
BsCspB andBc-Csp vary in sequence at 12 positions (29).
located at the protein surface, but the difference in stability ~ Stopped-Flow Kinetic Experimen#.DX.17MV sequen-
originates from only two of them, Arg3 near the N-terminus tial mixing stopped-flow spectrometer from Applied Photo-
and Leu66 at the C-terminus B&-Csp, which replace Glu3 ~ physics (Leatherhead, U.K.) was employed for all stopped-
and Glu66 ofBs-CspB, respectively. These two positions flow measurements at 28C. The path length of the
are close to each other in the three-dimensional structure ofobservation chamber was 2 mm. A 10 mM agueous solution
Bc-Csp (Figure 1). A thermodynamic study of multiple of cytidine 2-phosphate in a 0.5 cm cell was inserted
mutants, including a triple-mutant analysis of positions 3, between the observation chamber and the emission photo-
46, and 66, revealed the molecular determinants of the multiplier to absorb scattered light from the excitation beam.
enhanced stability dBc-Csp. The Arg3Glu difference alone  The folding kinetics were followed by the change in
accounts for approximately two-thirds of the total difference fluorescence above 300 nm after excitation at 280 nm (10
in stability and for the entire difference in the Coulombic nm bandwidth).
interactions between the two proteir&(26). All unfolding and refolding experiments were performed
In this work, we examined how the residues at positions in 100 mM sodium cacodylate-HCI (pH 7.0) at 26. To
3 and 66 affect the folding kinetics and asked whether the initiate unfolding, typically 16.%M native B¢c-Csp in buffer
strong differences in Coulombic interactions that are so was diluted 11-fold with GdmCIl solutions of varying
important for the stability of the folded proteins are also concentrations to give final GAmCI concentrations between
important for the folding process. Unlike hydrogen bonds 1.0 and 6.5 M. To initiate refolding, 16/M unfoldedBc-
or van der Waals interactions, Coulombic interactions are Csp in concentrated GdmCI solutions (between 3 and 4.5
long-range and thus might control early events in folding. M) was diluted 11-fold with aqueous buffer or with GdmClI
Our original stopped-flow analyses of the folding kinetics solutions of varying concentrations to give final concentra-
of the wild-type forms 0Bs-CspB,Bc-Csp, andimCsp 3) tions of 0.3-4 M GdmCI. Kinetics were measured at least
were performed in the presence of GdMCI, because the twoeight times under identical conditions, averaged, and ana-
thermostable proteins could not be unfolded completely by lyzed as monoexponential functions by using the software
urea. The refolding rates in the absence of GdmCI had to beprovided by Applied Photophysics. The data were analyzed
extrapolated from the data obtained 0.6 M GdmcCl, as described in re3.
because at lower concentrations folding occurred in the dead Pressure-Jump Apparatus and Experimefs.the basis
time of stopped-flow mixing. The ionic denaturant GAmCI of the experience with the pressure-jump apparatus described
screens Coulombic interactions, and thus, their role for in ref 29, an improved modular version was constructed at
folding might have been obscured in these experiments. the Max-Planck-Institute (Dortmund, Germany). Repetitive
Here we measured the folding kinetics as a function of pressure jumps are applied to the protein solution using a
temperature in the absence and presence of the unchargestack of piezoelectric crystal8@). The sample cell with a
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400 ‘ ‘ kinetics were measured as a function of temperature, usually
& A at0, 2.0, 4.0, and 6.0 M urea in 100 mM sodium cacodylate-
g 00 HCI (pH 7.0) at protein concentrations of M. The
S 00 i ] measurements in 1.0 M GdmCI and 1.0 M NaCl were
5 L J performed in the absence of urea. For each experiment,
3 100 - - 1-600 kinetic traces were collected, averaged, and analyzed
= r 1 as single-exponential functions.
0 | ‘ . Analysis of Pressure-Jump Folding Kineti¢%or a two-
400 0 100 200 300 400 500 state folding reaction (eq la),. the equ_lllbrlum constidpt
i is equal to the ratio of the microscopic rate constants for
fme (s) unfolding (kuu) and refolding kun) (eq 1b), and the measured
F 8L ¢ o I B' - rate constani is equal to the sum dfyy andkyn (eq 2).
o - o] 1
2 6 7 Knu
g - 1 N=U la
s L ] ™ (1a)
§ 2 [ . Kp = knu/kun (1b)
o L J
zg 0 1 1 ! | I | I l - kNU + kUN (2)
2 0 2 4 6 8 10 12 14 The Gibbs free energy of unfoldindhGp(T) can be
time (ms) calculated from the enthalpyHp(T) and the entropAS(T)

of unfolding with the Gibbs-Helmholtz equation (eq 3). In

our analysis, we assume that all thermodynamic equilibrium

(AX) and activation AX¥) parameters depend linearly on urea

concentration. These dependencies are denotédXaand

AX¥,. The kineticm value jm = 3(In k)/d[urea]] is equal to

—AGH/(RT). In all calculationsAC, in the absence of urea

was kept constant at a value of 4 kJ mloK~1. All heat

capacity increments were also assumed to be independent
10 15 20 of temperature. Equation 4 is taken from 8df It describes

time (ms) the dependence on temperature and urea concentration of

Ficure 2: (A) Pressure profile after a jump from 350 to 3 bar. (B the two microscopic rate constarksy andkun.

and C) Refolding kinetics oBc-Csp R3E in 100 mM sodium

cacodylate-HCI (pH 7.0) at (B) 68C (near the midpoint of the AGp(T) = AHp(T) — TAS,(T) 3)

thermal unfolding transition) and (C) at 28 (in the baseline region

of the native protein) following a pressure jump from 350 to 3 bar. (kBT)
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monitored. The kinetics were measured 200 times and averaged. " T

The solid lines represent best fits to monoexponential time courses

with rate constants of 525 (B) and 359'<C). ;{ AS(TY) + AS (TO[urea] AH*(T®) + AH (TO[urea]
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. . L R RT
volume of approximately 5QL consists of a sapphire ring,

transparent in the near-UV and visible region. Optical ports (Acp*+ Acpf[urea])(r— 9
in T-form allow measurements of fluorescence as well as

absorption and light scattering. The crystal stack is separated RT

from the protein solution by a thin kaptan membrane. An AHO(TY) ASH(TY) AC,[. TO (T
increased diameter of the membrane and the crystal stack y°+wT+(y°+mﬂe{T+ R ’T[l’?"”(%)]}
piston in the new machine allows the application of larger y == 4 N R RS -

pressures (up to 400 bar), using the PI-245.70 crystal stack {f O 17%7In(_l_lo)]}
(Physik Instrumente, Waldbronn, Germany). For this ele- l+e (5)
ment, the pressure change is more than 90% complete in

100us with a pressure increase and inggwith a pressure For the individual Csp variants, the entire setlofalues
decrease (see Figure 2A). With the smaller PI-245.30 crystalderived from pressure-jump kinetics, typically measured at
stack, pressure changes of up to 200 bar can be applied ab, 2.0, 4.0, and 6.0 M urea and between 1 and°80
more than twice the speed of those with PI-245.70. Pressure(depending on denaturant concentration), together with a
is detected directly in the sample chamber using a tiny, type thermal unfolding transition in the absence of urea were
6158A membrane-less sensor (Kistler, Winterthur, Switzer- subjected to a joint analysis based on the combination of
land). Several hundred pressure up and down jumps pereqgs 1-5. In this analysis, which is based on transition state
minute can be performed (depending on detection time). theory, we decompose the activation Gibbs free enA@y
Fluorescence of the samples was excited at 280 nm andinto its (temperature-dependent) enthalpic and entropic
monitored at 90relative to the incident light at wavelengths componentsAH* andASf (as in eq 3). Equation 5 describes
of >320 nm. Before each measurement, the fluorescence washe equilibrium unfolding transition. In this equationsis
adjusted to a photomultiplier output of 10 V. The folding the observed CD signal at 222.6 nm. The CD signals of the

4
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Table 1: Thermodynamic Parameters for the Refolding and UnfoldirceEsp, BsCspB, and Variants

kun knu AGp AAGp AAGun AAGwy Mun Mnu
(s (s (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) Dyn (M1 (M~1) o
Bc-Csp 2253 462 4.5 - — - - —-0.71 0.07 0.91
BsCspB 253 9938 —10.5 —-15.0 6.2 —8.8 0.42 —0.44 —0.09 1.26
Bc-Csp Q2L 5971 542 6.8 2.3 —-2.8 —-0.5 1.20 —-0.79 0.07 0.92
Bc-Csp R3E 124 1217 —-6.5 —-11.0 8.3 —2.8 0.75 —1.34 0.01 0.99
Bc-Csp N11S 3530 450 5.9 1.4 —-1.3 0.1 095 —-0.84 0.09 0.90
Bc-Csp Y15F 2003 447 4.3 -0.2 0.3 0.1 - —0.85 0.11 0.89
Bc-Csp G23Q 1109 358 3.2 -1.3 2.0 0.7 157 -0.73 0.13 0.84
Bc-Csp S24D 2422 364 54 0.9 -0.2 0.7 - —0.79 0.10 0.89
Bc-Csp T31S 2491 418 51 0.6 -0.3 0.3 - —-0.84 0.10 0.89
Bc-Csp E46A 1277 385 3.4 -1.1 1.6 0.5 1.48 —0.88 0.06 0.94
Bc-Csp Q53E 2250 572 3.9 -0.6 0 —-0.6 - —0.68 0.05 0.93
Bc-Csp V64T 2041 642 3.3 —-1.2 0.3 —-0.9 0.23 —-0.91 0.11 0.89
Bc-Csp L66E 1575 1997 -0.7 —-5.2 1.0 —4.2 0.20 —0.69 0.04 0.94
Bc-Csp 67A 2520 512 4.5 0 -0.3 -0.3 - -0.71 0.09 0.89
Bc-Csp R3L 933 745 0.6 -3.9 2.5 —-1.4 0.65 —-0.79 0.01 0.99
Bc-Csp R3E/E46A 234 730 —3.3 —7.8 6.5 —-1.3 0.83 —0.78 0.04 0.94
Bc-Csp R3E/L66E 55 14581 —15.9 —-20.4 10.6 —-9.8 0.52 0.85 —0.04 0.95
Bc-Csp E46A/L66E 789 1156 -1.1 —-5.6 3.0 —-2.6 0.53 —1.06 —0.02 1.03
Bc-Csp R3E/E46A/L66E 94 6771 —12.2 —16.7 9.1 7.7 0.54 —0.99 —0.04 1.04
BsCspB E3R 1434 1538 -0.2 10.3 -5.0 5.3 0.48 —0.60 0.08 0.88
BsCspB E66L 488 1050 —-2.2 8.3 -1.9 6.4 0.23 —-0.84 0.10 0.89
BsCspB E3R/E66L 2115 759 2.9 13.4 —6.1 7.3 045 —-0.78 0.09 0.90

aThe thermodynamic activation parameters for refolding and unfolding are denoted by the subscripts UN and NU, respectively. All kinetics

were measured in 100 mM sodium cacodylate-HCI (pH 7.0) atT@fter pressure jumps. Measurements were performed and data analyzed as
described in the legend of Figure &,y andkyy are the microscopic rate constants of refolding and unfolding, respectively, in the absence of
denaturantAGp is the equilibrium Gibbs free energy of unfolding in the absence of ux@ds, is the difference IMGp betweenBs-CspB and

Bc-Csp or between the variant and the respective wild-type pro®isCsp orBs-CspB). AAG* is the difference inAG* between the variant

and the respective wild-type proteiyy is the ratio of-AAG*,y and AAGp. ®yy values derived fronrdAGp values of<1 kJ/mol are not given.

m is the dependence on urea concentratio\@ {[d(AG")]/(d[urea]} over —RT. a is the fractional change of the value during refolding
[=mun/(mun — M)l

folded and unfolded forms/, and vy, respectively, are  from 350 to 3 bar with the new apparatus is shown in Figure
assumed to vary linearly with temperature with slopgs 2A. Approximately 90% of the pressure decrease occurs in
andm,, respectivelyy.’ andy,° are identical withy, andy, a linear fashion within 5Q¢s, which allows rate constants
at 0 K, respectively. of more than 10 0004 to be determined with high precision.
Analysis of Interaction Energies in the Triple-Mutant The corresponding pressure up jumps from 3 to 350 bar show
Cube Interaction energies between the amino acid side nearly the same time resolution (106). After the jumps,
chains of Glu3, Glu46, and Glu66 were determined by the final pressure remains stable for more than 100 s, and
construction of a triple-mutant cube as described in 26fs  thus, a reaction can be followed in the time range from
and 32. AAG values smaller than zero refer to repulsion microseconds to minutes in a single experiment.
energies. AAGeq is the equilibrium interaction energy We measured rate constants of folding after both pressure
calculated from theAGp values in Table 1.AAG*y up and pressure down jumps, but only the pressure down
describes the energetic coupling of the activation energiesjumps are used for the analysis because here folding occurs
of refolding AG*un (Table 1) multiplied by—1, and thus  near ambient pressure and can be combined with the
accounts for the interaction energy already present in theequilibrium data to calculate the microscopic rate constants.
transition state for refoldingAAG*yy is the interaction  The activation volumes are positive for both unfolding and
energy established after the passage through the foldingrefolding @9) of the cold shock proteins, and therefore,
transition state. It is calculated from the activation energies folding becomes slower with increasing pressure.
of unfolding AG*y in Table 1. The amplitudes of refolding are highest near the transition
RESULTS midpoint. This is illustrated by the refolding reaction of the
Arg3Glu variant ofB¢c-Csp at 60°C after a jump from 350
Pressure-Induced Folding Kinetics of the Cold Shock to 3 bar (Figure 2B). Under these conditions, the amplitude
Protein. We determined the microscopic rate constants of of refolding reaches 9% of the final value. With the improved
unfolding and refolding from the apparent rate constant —pressure-jump apparatus, the folding kinetics can be mea-
and the equilibrium constaifp (egs 1 and 2) as a function  sured even under conditions where the [N]/[U] ratio is near
of temperature and urea concentration. The kinetics of folding 200. Here the change in fluorescence after a jump from 350
were measured after pressure jumps, and the equilibriumto 3 bar is only~0.4%. Nevertheless, as shown for the
constants were derived from thermal unfolding transitions. refolding of Bc-Csp R3E at 29C (Figure 2C), repetitive
In our previous work, the magnitude of the pressure jumps measurements and averaging allow the rate of folding to be
(Ap) was confined ta 160 bar (16 MPa). With the improved ~ determined even under these conditions, which strongly favor
version of the pressure-jump apparatus, the pressure rangéhe native protein.
could be extended te&400 bar without compromising the Folding Kinetics of Bs-CspB er a Wide Range of
excellent time resolution. The pressure profile for a jump TemperatureThe wild-type form ofBs-CspB exhibits a low
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s FiGure 4: (A) Apparent rate constants of folding for B¢-Csp
§ 4 R3EIN0 @), 2 (O), 4 (a), and 6 M urea4). The data were derived
g from pressure-jump experiments in 100 mM sodium cacodylate-
2 2 HCI (pH 7.0). The solid lines represent nonlinear least-squares fits
S of the kinetic data and the thermal unfolding transition in panel B
= 0 according to eqs-15. The calculated profiles fdg (dotted lines)

andkyy (dashed lines) are shown for the measured urea concentra-
tions. The profiles forkyy largely coincide with thed values

) . measured at 6.0 M urea. (B) Thermal unfolding transitiorBof
FiGUrRe 3: (A) Thermal unfolding transition oBsCspB. (B) Csp R3E in 100 mM sodium cacodylate-HCI (pH 7.0). The fit result
Apparent rate constantsand (C) amplitudes of refolding derived s shown as a solid line, and the baselines for the native and the

from pressure-jump experiments fBsCspB. All measurements  ynfolded protein are shown as dashed and dotted lines, respectively.
were performed in 100 mM sodium cacodylate-HCI (pH 7.0). The

lines in panels A and B represent the results of the combined ; ;
analysis of equilibrium and kinetic data based on eg5.1n panel the value ofl approaches the rate of unfoldirig.(), which

A, the baselines of the native and the unfolded protein are shown S Correlated with a high positive activation enthalpy.
as dashed and dotted lines, respectively. The amplitudes in panel The temperature range that is accessible for pressure-jump
C are given as a percentage of the final value. measurements is narrower for the variants of the cold shock
protein with enhanced stability, becausk increases with

thermodynamic stability. Its thermal unfolding transition temperature, and thereforé, changes more strongly with
(Figure 3A,Ty = 53.6°C) is broad because the enthalpy of temperature. This is illustrated in Figure 4 ®¢-Csp R3E,
denaturatiomHp is small and becomes zero neat®. As the folding kinetics of which could be measured between
a consequenc&\Gp reaches a broad maximum of12 kJ/ 30 and 77°C. To extend the accessible temperature range,
mol, and the [N]/[U] ratio shows an almost constant value urea was added to the solvent. Urea shifts the thermal
of ~200 between 0 and 1%. As indicated in Figure 2C, a  unfolding transition to lower temperatures and decreases its
350 to 3 bar jump shifts the folding equilibrium sufficiently  cooperativity. Pressure-jump data obtained in the presence
enough to allow the kinetics to be determined under theseof 2.0, 4.0, and 6.0 M urea are also shown in Figure 4A. In
conditions, which, apparently, are equivalent to the baseline combination, these data cover the temperature range between
kinetics for the folded protein in the transition shown in 1 and 77°C, which is essentially identical with the operating
Figure 3A. The folding kinetics oBs-CspB could thus be  range of the pressure-jump apparatus. In 6.0 M urea, the
determined over a very broad range of temperature betweernunfolded form of the protein predominates at all tempera-
1 and 70°C. The measured rate constaitgFigure 3B) tures, and therefore, the measurédvalues give direct
increase from 10078 at 1°C to ~20000 s* at 70°C. The information aboutkyy and its dependence on temperature.
corresponding amplitudes (Figure 3C) show a bell-shapedFigure 4A also indicates thaky is almost independent of
dependence on temperature with a maximum near thethe urea concentration, as expected from previous 84ja (
transition midpoint. For the two wild-type proteinBsCspB andBc-Csp and

The kinetic and equilibrium data in panels A and B of for most of the variants, we measured the folding kinetics
Figure 3 were analyzed, together with kinetics measured in as a function of temperature in°C intervals in the presence
the presence of 2.0, 4.0, and 6.0 M urea (cf. eg8)L The of 0, 2.0, 4.0, and 6.0 M urea in 100 mM sodium cacodylate-
resulting microscopic rate constants and activation parameterdHCl (pH 7.0). All kinetics could be represented by single-
are listed in Table 1. The calculated temperature dependencexponential functions, confirming the two-state character of
of 4 is shown by the continuous line in Figure 3Breflects folding in the range of temperature and denaturant concen-
the rate constant of refoldind(y) at low temperatures and trations of this study. Usually, an entire temperature profile
the rate constant of unfoldindyu) at high temperatures.  was collected with a single filling of the pressure cell. Control
The downward curvature at low temperatures is caused byexperiments with fresh samples at high temperatures gave
the negative activation heat capacity of refolding, which identical rate constants. In some cases, small differences in
renders the activation enthalpy of refolding negative above the amplitudes were observed.
~36 °C. In the region of the equilibrium transition (between  To determine the kinetic activation parametais*, AS,
37 and 67°C), the slope of the curve increases again becauseand AC,* for unfolding and refolding (cf. eqs-15), the

T(°C)
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FIGURE5: Comparison of pressure-jump)and stopped-flow®) )
data for the folding oBs-CspB [in 100 mM sodium cacodylate- 1000 Bs-CspB 2

HCI (pH 7.0)] as a function of urea concentration at 2, 14, and 26
°C. The stopped-flow data are taken from B&f The fit results

for these data are shown as solid lines, and the fit results for the
pressure-jump data are shown as dashed lines.

kinetic data obtained as a function of temperature-6 o 10020 ' 4'0 ' 6'0 o
urea were combined with the stability data measured in the )

absence of urea. The pressure-jump measurements cover a 7o

wide temperature range, suggesting that the activation heafiGURE 6: Apparent rate constants of refolding derived from
capacitiesAC,* can be estimated as well. Still, theC,* pressure-jump experiments fBc-Csp @) andBsCspB @) in (A)

| derived f th d derivati f th 4.0 M urea and (B) 1.0 M GdmCI, 1.0 M NaCl, and 100 mM
values are derived from the second derivative of the rate gqqjym cacodylate-HCI (pH 7.0). The lines in panel A represent

constants, and therefore, to improve reliability, the equilib-  the results of the combined analysis of equilibrium and kinetic data
rium AC, was kept constant at 4 kJ mélK~1, which based on eqs-15.

represents the average of th€, values from the thermal

unfolding transitions. Table 1 gives the values for the for lack of amplitude, cannot be explored in pressure-jump
activation Gibbs free energieAG¥) at 70°C, which is within experiments. Pressure-jump experiments, on the other hand,
the transition region for most variants. Here the apparent can be performed at much higher temperatures and in the
rate constants and the equilibrium stability could be measuredabsence of a denaturant, and their time resolution is at least
with high precision, and thus, the calculat&@* values are ~ 20-fold higher.

2"

T T T
Ll

T
L

reliable. Pressure-Jump-Induced Folding Kinetics of Wild-Type Bc-
The folding reactions of the cold shock proteins are Csp The stopped-flow investigation of the folding kinetics
diffusional reactions and depend on solvent viscosS38 of the thermophilic cold shock proteil-Csp andTm-Csp

35). The temperature and denaturant concentration-dependentequired the use of GdmCI as the denaturant, because these
changes in solvent viscosity, however, hardly affect the proteins could not be unfolded completely by urea at ambient
activation and equilibrium Gibbs free energies in the absencetemperature3). It is now clear that electrostatic interactions
of denaturant36), and therefore, a correction for viscosity —contribute strongly to the enhanced stabilityBafCsp @4).
effects was not made. Moreover, these small effects cancelGdmCI screens these interactions, and thus, their contribu-
out whenAAG¥ values are calculated. Figure 4 shows the tions to the stabilization of the folding transition state could
results of the joint analysis of the kinetic and equilibrium not be derived from folding experiments in the presence of
data forBc-Csp R3E, and the respective parameters for all GdmCI. The pressure-jump apparatus operates up f€80
variants are given in Table 1. a temperature beyond the midpoint of the thermal unfolding
Comparison of Pressure-Jump and Stopped-Flow Data transition ofB¢c-Csp, and therefore, the rate constants of both
The folding kinetics of wild-typeBsCspB have been  unfolding and refolding could be determined in the absence
measured previously as a function of urea concentratie® (0  of GdmCl.
M) between 2 and 48C after stopped-flow mixingJ1). The folding kinetics of wild-typeBc-Csp were measured
Figure 5 compares these data with fhealues obtained from by the pressure-jump technique between 1 an8@B the
the pressure-jump measurements. The two sets of data angresence of 0, 2.0, 4.0, and 6.0 M urea. Figure 6A compares
their analyses coincide very well. Due to the excellent time the kinetics obtained in 4.0 M urea with the corresponding
resolution and the high sensitivity of the improved pressure- folding kinetics ofBsCspB. At 70°C in 100 mM buffer
jump apparatus, the folding kinetics B&CspB @ 0 M urea and in the absence of salt, the two proteins differ in stability
could by measured directly (cf. Figure 3). These measuredby 15.8 kJ/mol 24). Figure 6A shows that this difference
values agree very well with the values that were obtained originates from a 22-fold decrease in the unfolding rate
previously by a linear extrapolation of the stopped-flow data (AAG*y, = 8.8 kJ/mol) and a 9-fold increase in the rate of
(Figure 5). This suggests that this linear extrapolation is refolding AAG*uy = —6.2 kJ/mol) ofB¢-Csp (Table 1).
indeed valid forBsCspB using urea as the denaturant and  Our previous stopped-flow kinetic measurements in the
excludes a “rollover” in the refolding kinetics at low presence of GAmCI had suggested that the increased thermo-
denaturant concentrations, conditions under which folding stability of B¢c-Csp is mainly a consequence of a reduced
is complete within the dead time of stopped-flow mixing. rate of unfolding AAG*w = 6.9 kJ/mol); the refolding rate
The two methods for measuring the folding kinetics comple- was almost unchanged AG*yy = —1.7 kJ/mol) 3) (Table
ment each other very well. Stopped-flow experiments can 3). The difference in the activation data measured in the
be carried out under strongly unfolding conditions, which, absence of GAmCI (Figure 6A) thus suggests that the ionic
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Table 2: Thermodynamic Parameters for the Refolding and
Unfolding of Bc-Csp,Bs-CspB, andBc-Csp R3L in 1.0 M GdmClI
and 1.0 M NaCl

kUN kNU AGD AAGD AAG*UN AAG*NU
(sY) (s (kd/mol) (kd/mol) (kI/mol) (kI/mol)

Bc-Csp 259 38 5.2 - - -
Bs-CspB 119 426 —-35 -8.7 21 —6.6
BcCspR3L 262 40 5.2 0 -0.1 -0.1
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by Leu66 (relative to Glu66 dBs-CspB) is established to a
small extent only in the folding transition state. THe)y
value for the adjacent Val64Thr substitution shows a similar
value (0.23, Table 1).

The Arg3Glu difference accounts for70% of the
difference in the thermodynamic stability betwd@nCspB
andBc-Csp @4). The corresponding Arg3Glu mutation in
Bc-Csp predominantly affects the refolding kinetics (Figure

2 Thermodynamic parameters are derived from pressure-jump mea-7B). AG*yy is increased by 8.3 kJ/mol addG¥y, decreased

surements in 1.0 M GdmCI, 1.0 M NaCl, and 100 mM sodium
cacodylate-HCI (pH 7.0). They are given for 86. Parameters are
defined as described in the footnote of Table 1.

interactions, which are screened in GdmCI solutions, pri-
marily affect refolding and are largely established in the
activated state of folding already.

The stopped-flow experiments were performed af@5

by 2.8 kd/mol (Table 1), leading to @yn value of 0.75.
This suggests that the stabilization by Arg3 (relative to Glu3)
is largely established in the transition state of folding already.
Bc-Csp R3E thus refolds 18 times slower than the wild-type
protein and even 2 times slower thBs-CspB. The GIn—

Leu mutation at the adjacent position 2 shows a similar result.
It stabilizesBc-Csp by a 2.5-fold increase in the rate of
refolding (Table 1), which overcompensates for a 1.2-fold

but the pressure-jump data are calculated for a temperaturéncrease in the rate of unfolding, leading tabay of 1.20.

of 70 °C. To examine whether the observed differences in Together, these results indicate that on the folding pathway
the activation parameters reflect a temperature-dependeniN-terminal residues 2 and 3 are ordered already in the
shift of the transition state, rather than a salt effect, we transition state, whereas residues 64 and 66 at the C-terminus
performed pressure-jump experiments in the presence of aare engaged to a small extent only in their native interactions.
mixture of 1.0 M NaCl and 1.0 M GdmCl, conditions under  Role of Electrostatic Surface Interactions in the Transition
which BsCspB andBc-Csp differ in stability by only 8.7 State Pairs of Glu residues at positions 3 and 66 or at
kJ/mol (at 55°C). The stability difference under these positions 3 and 46 destabiliZ&s-CspB by pairwise Cou-
conditions is thus nearly the same as in 2.0 M NaCl at 70 lombic repulsions, which decreagesp by 4 kJ/mol each.

°C (24) or in 2 M GdmCI at 25°C (23). The combination  This was shown by a triple-mutant analysis in which the
of 1.0 M NaCl and 1.0 M GdmCI was chosen because both residues at positions 3, 46, and 66, as they occBsi@spB
proteins are destabilized to a moderate extent and thusand Bc-Csp, were combined in all possible manners in
pressure-jump measurements could be performed over avariants ofBc-Csp @6, 32). Interactions between residues
broad temperature range. At low temperatuB=sCspB and 46 and 66 could not be found in this analysis. We now asked
Bc-Csp exhibit almost identical rates of refolding (Figure how these unfavorable electrostatic interactions affect the
6B), they differ, however, strongly at high temperatures transition state of folding. To this end, we measured the
wherel approaches the rate of unfolding. The analysis (Table folding kinetics of the eight variants that constitute the triple-

2) results in activation energies for refoldingAGun =
—2.1 kJ/mol at 55°C) and unfolding AAGH\ = 6.6 kJ/
mol at 55°C) that are almost identical with the values

mutant cycle.
The results of this analysis are shown in Figure 8. As in
the equilibrium experiments, we find virtually no coupling

calculated from the kinetics in GAmCI. This confirms that between Glu46 and Glu66 at the level of the activation
the differences observed originally between the stopped-flow energies, which suggests that these two Glu residues interact
and pressure-jump measurements reflect the salt effect ofneither in the activated state of folding nor in the native
GdmCl on the folding transition state. A major fraction of protein.
the Coulombic interactions that contribute to the additional  The unfavorable Glu3Glu46 and Glu3-Glu66 repulsions
stability of Bc-Csp appear to be present in the folding are established to different extents in the time course of
transition state already. Screening by salt abolishes thesegfolding. The Glu3-Glu46 repulsion is already-75% and
interactions and thus decreases the difference in the refoldingthe Glu3-Glu66 repulsion only~25% established in the
barrier betweerBc-Csp andBsCspB by~4 kJ/mol. folding transition state (Figure 8). Together with the indi-
Contributions of Indiidual Sequence Differences to the vidual ®yy values of the N- and C-terminal residues (Table
Stability of the Folding Transition Stat&he 10 sequence 1), these results indicate that the N-terminal region is largely
differences betweemc-Csp andBs-CspB that had little nativelike, including its interaction with position 46, in the
influence on equilibrium stability 24) also exerted little  folding transition state, whereas the C-terminal residues
influence on the folding kinetics (Figure 7A). The respective establish their nativelike interactions predominantly after
mutants differed from wild-typ&c-Csp by less than 1 kJ/  passage through the transition state.
mol in AG*y and by =<2 kJ/mol inAG*yy (Table 1). Only Not only does Arg3 stabiliz8c-Csp by removing 4 kJ/
the GIn2Leu mutation had a significant accelerating effect mol of unfavorable Coulombic interaction energy, but its
on refolding. These variants differ also very little from the positively charged guanidinium group also contributes 3 kJ/
folding kinetics of the wild-type protein when stopped-flow mol of general electrostatic stabilization. Accordingly, when
data at 25°C are compared (Figure 9A). the positive charge is abolished, as in tBeCsp R3L
The Leu66Glu mutation destabilizé&c-Csp by 5.2 kJ/  variant, the protein loses 3.9 kJ/mol in stability; 2.5 kJ/mol
mol, which originates predominantly from a 4-fold increase of this loss is accounted for by changes between the unfolded
in the rate of unfolding AAG*yy = 4.2 kJ/mol) (Figure 7B and the transition state and 1.4 kJ/mol by changes between
and Table 1). The correspondidgy value is 0.20, which  the transition state and the native state (Table 1). These
suggests that the additional stabilization of fold@dCsp differences vanish in high salt, and the folding kinetics of
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Table 3: Thermodynamic Parameters for the Refolding and UnfoldirBceZsp, BsCspB, and Variants As Derived from Stopped-Flow
Measurements in the Presence of GdMClI

kUN kNU [deCI]M AGD AAGD AAG*UN AAG*NU Myn Mnu

s (sY M) (kmol)  (kImol)  (kImol)  (kImol) Dy MY MY o«
Bc-Csp 1370 0.64 2.57 19.0 - - - —2.76 0.22 0.92
Bs-CspB 688 9.93 1.37 10.5 —8.5 1.7 —6.9 0.20 -—2.82 0.27 0.91
Bc-Csp Q2L 1626 0.67 2.90 19.3 0.3 -04 —-0.2 - —2.40 0.29 0.89
Bc-Csp R3E 288 0.58 2.21 15.4 —-3.6 3.9 0.2 1.07 —257 0.24 0.92
Bc-Csp N11S 1111 0.71 2.63 18.3 —-0.7 0.5 —-0.3 - —2.53 0.27 0.90
Bc-Csp Y15F 661 0.55 2.61 17.6 —-1.4 1.8 0.3 126 —2.46 0.26 0.90
Bc-Csp G23Q 496 0.45 2.50 17.4 —-1.6 2.5 0.8 152 —253 0.27 0.90
Bc-Csp S24D 900 0.45 2.73 18.9 —-0.1 1.1 0.8 - —2.48 0.30 0.89
Bc-Csp T31S 923 0.53 2.62 18.5 —-0.5 1.0 0.4 - —2.58 0.27 0.90
Bc-Csp E46A 1090 0.59 2.44 18.6 —-04 0.6 0.1 - —2.87 0.21 0.93
Bc-Csp Q53E 940 0.71 2.56 17.8 —-1.2 1.0 -0.3 0.76 —2.59 0.22 0.92
Bc-Csp V64T 757 0.99 2.33 16.5 —-2.5 1.5 -1.1 057 —2.54 0.31 0.89
Bc-Csp L66E 668 2.85 2.01 13.5 —-5.5 1.8 —-3.8 0.32 —2.60 0.12 0.96
Bc-Csp 67A 829 0.84 2.50 17.1 -1.9 1.3 -0.7 0.64 —2.55 0.22 0.92

@ The thermodynamic parameters of refolding (UN) and unfolding (NU)BfeCsp, BsCspB, and protein variants are derived from stopped-
flow measurements at 2% in 100 mM sodium cacodylate-HCI (pH 7.0). [Gdmlk the GdmCI concentration at whidfs = 1. myy and myy
are the dependencies of koy and Inkyy on GdmCI concentration, respectively. The other parameters are defined in the footnote of Table 1. Data
for Bc-Csp andBs-CspB are taken from re23.

by stopped-flow experiments at 28 as a function of
GdmClI concentration (Figure 9B and Table 3) gave activa-
A tion parametersXAG*yy = 1.8 kJ/mol,AAGHy = —3.8
kJ/mol) that are very similar to the values derived from the
temperature-dependent pressure-jump measurente®@'(y

¥ Be-Csp = 1.0 kJ/mol,AAG*\y = —4.2 kd/mol) at 7C°C.

The AAGp between wild-typeBc-Csp and the Arg3Glu
mutant decreases from 11.5 to 4.2 kJ/mol wizeM NaCl
Q2L G23Q E46A 67A is added 24) and to 3.6 kJ/mol when the GdmCI-induced
[}} ;E %‘:’E Q53_E kinetics are compared (Table 3). This suggests thakJ/

mol of the stability difference is of nonionic, presumably
hydrophobic origin. This contribution seems to be present
B in the folding transition state dc-Csp already, because the
GdmCl-dependent folding kinetics of the Arg3Glu variant
and the wild-type protein (Figure 9B) differ only in refolding.
AAGfyy = 3.9 kJ/mol (Table 3), and the resultidgy value
is 1.07. This indicates that the nonionic interactions of Arg3
are established in the transition state of folding as well.

Consevation of the Folding Transition State of Cold Shock
Proteins The folding transition states of the wild-type forms
of BsCspB andBc-Csp resemble each other in their
thermodynamic properties, such as enthalpy, entropy, and

0 20 40 60 80 heat capacity 36), as well as in their overall nativelike
T(°C) interactions with denaturgnts, as deriV(_ad from the analysis
. . of the m values of unfolding and refolding28). We have
FIGURE 7: Apparent rate constanis of refolding derived from now probed the role of individual residue positions for

pressure-jump experiments fdc-Csp, BsCspB, andBc-Csp . . . .
variants in 4.0 M urea and 100 mM sodium cacodylate-HCI (pH folding by comparing the effects of reciprocal mutations at

7.0). The lines represent the results of the combined analysis ofindividual sites in the two proteins.
equilibrium and kinetic data based on egsSl(Table 1). In panel The substitutions Leu66Glu iB¢c-Csp and Glu66Leu in
A, variants with folding kinetics similar to those of the wild-type BsCspB vyield almost identical values fabyy (0.20 and
%rﬁa(eelgcsrgnStlﬂgv¥0n|ailr::gnk?rl168ti0§hows the variants with a strong 0.23, respectively; Table_ 1). Thi; Gitt Leu exchangg adds
or deletes the nonpolar interactions of the Leu residue, but

wild-type Bc-Csp and the Arg3Leu variant become identical in theBs-CspB background, it also removes the electrostatic
(Table 2). These results virtually complete the evidence that repulsion between Glu3 and Glu66, which destabilizes the
the electrostatic interactions of the charged residues atwild-type protein by 4 kJ/mol26, 32). This repulsion is
position 3 strongly influence the refolding of the two cold correlated with abyy of 0.2 (cf. the triple-mutant analysis
shock proteins, and that they are to a large extent establishedn Figure 8), which agrees well with the observed overall
already when the transition state is reached. ®yy of 0.23 for the Glu66Leu mutation ds-CspB.

The Leu66Glu substitution destabiliz8&-Csp by non- The Arg3Glu exchange at position 3 yields,y values
polar effects, which are insensitive to s&t). Accordingly, of 0.48 and 0.75 in th8sCspB andBc-Csp backgrounds,
the analysis of the folding kinetics &c-Csp L66E measured  respectively. This is explained by the results of the triple-
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Glu46-GluB6e Glu3-Glu46 Glu3-Glu66

EEE —— EAE EEE ————— EAE EEE ———— REE
AAG,, =-0.5 AAG,, =-4.1 AAG,, =-42
AAG'y = 03 AAG =35 AAG = -1.3
BAG ;=08 AAGh = 0.7 AAG 4= -3.0

EEL —— EAL REE — RAE EEL —— > REL

REE ————p RAE EEL ———  EAL EAE — > RAE
AAG,, =-0.7 AAG,, =-43 AAG,, =-4.4
AAGY = 04 AAG! = 3.4 AAGh  =-1.2
AAG ,=-1.0 AAGH = -0.9 AAG g =-32

REL —————» RAL REL ——— RAL EAL — RAL

Ficure 8: Analysis of the folding kinetics by double-mutant cycles to assess interactions among residues Glu3, Glu46, and GIu66 in the
folding transition state at 70C. Variants are hamed after the amino acids at these positions. The single-letter notation for amino acids is
used.AAGgq is the interaction energy derived from the equilibrium free energies of unfoldiGg of the joint fit of the kinetic and
equilibrium data (Table 1)AAG*yy was calculated from the free energies between the unfolded and transition stateA&hg, was
calculated from the free energies between the transition and folded state in the absence of urea.

amino acid at position 3. The stabilized vari@#CspB E3R
refolds only 1.6-fold slower thamc-Csp; the Glu3Arg/
Glu66Leu double mutant ds-CspB, which has the same
residues aBc-Csp at positions 3 and 66, refolds at the same
rate adBBc-Csp (Table 1). This suggests that the two proteins
show very similar folding transition states, and that the
residue at position 3 with its higiPyy value and its distinct
electrostatic interactions is largely responsible for the dif-
ferences in the refolding rates of the various Csp variants.
This is further highlighted by the Arg3Glu mutation that
decelerates the refolding @&c-Csp 18-fold (Table 1). All
mutations of this study left the overall strongly nativelike
character of the transitions state unchanged. dhalues

are in the range of 0.9 (Tables 1 and 3) for all protein variants
of Bc-Csp andBs-CspB.
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Pressure Jumps To Follow Protein FoldingVith the
: . e improved pressure-jump apparatus, pressure changes0df
1 AT Bo-Csp bar can be accomplished within50 us. The sensitivity of
E 1 L AN I L L a the instrument is high enough to measure the folding kinetics
2 4 6 within the thermal unfolding transition in a range where the
[N]J/[U] ratio changes from 200 to 0.02. The accessible range
[GdmCI] (M) is particularly broad for proteins with a low stability and a
Ficure 9: (A and B) Kinetics of unfolding@) and refolding @)~ 1OW enthalpy of unfolding, such a8sCspB. In favorable
of Bc-Csp, BsCspB, andBc-Csp variants at 23C in 100 mM cases, the folding kinetics can be measured across the region
sodium cacodylate-HCI (pH 7.0), as derived from stopped-flow of maximal stability to the onset of cold unfolding until the

measurements. The apparent rate consgtimshown as a function  |ower limit of the operating range of the instrument (currently
of the GdmCI concentration. Fits of the data on the basis of a linear near 1°C) is reached. This region is inaccessible by

two-state model are shown as solid lines (Table 3). The dashed ; . b h foldi
and dotted lines represent the computed dependencies on Gdmciemperature-jump eXperl'ments, ecause the unfolding en-
concentration of the microscopic rate constants of unfolding and thalpy, but not the unfolding volume, is close to zero under

refolding, kyy andkyn, respectively, for the proteins. The variants  these conditions. For proteins with high stability (such as
in panel A are color-coded as in Figure 7A. Bc-Csp), the temperature range can be extended by adding
urea, which decreases both the protein stability and the
mutant cube (Figure 8). The repulsion between Glu3 and apparent enthalpy of unfoldingT) and thus increases the
Glu46, which occurs only iBc-Csp R3E, is largely present  temperature of maximal stability.
in the transition state already, in contrast to the repulsion Contribution of the Chain Termini to the Folding Kinetics
between Glu3 and Glu66, which contributes to folding of of the Cold Shock ProteinKirschner and co-workers
BsCspB. suggested that immobilization of the chain termini might
Wild-type Bs-CspB refolds 9-fold slower thaBc-Csp. have been an evolutionary strategy for increasing the stability
This difference originates largely from the nature of the of proteins, such as those from thermophilic organisa. (

o
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For Bc-Csp, we had found that, in fact, two residues near Csp 3). These experiments had to be performed in GAmCI,
the termini, Arg3 and Leu66, are responsible for its increased and this ionic denaturant screened the Coulombic interactions
equilibrium stability. They contribute additional hydrophobic and thus their influence on the refolding kinetics. Only the
and electrostatic interactions, and remove an unfavorablenonionic interactions persisted, and they are formed pre-
Coulombic repulsion between Glu3 and Glu66, which is dominantly after the transition state in refolding.

present in the mesophilic homologu@4). The results Our results for the folding of the cold shock proteins
presented here show that the N-terminal chain region is alsoindicate that Coulombic interactions can form early on the
of crucial importance for the folding kinetics. folding pathway. These interactions are long-range and

The high®yy values obtained for GIn2 and Arg3 from should be well-suited for stabilizing partially folded mol-
the folding kinetics show that their contributions to stability ecules with dynamic structure. They thus might be important
are largely present already in the transition state. Coulombicas early guides of the folding process.
interactions play a major role here, because the difference
in the refolding rate betweeBc-Csp andBsCspB is strongly ~ ACKNOWLEDGMENT
reduced in the presence of salt. Glu66 shows a {bwy,
value, which indicates that, unlike the N-terminal residues,
the C-terminus hardly contributes to the stabilization of the
folding transition state. REFERENCES
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