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ABSTRACT. We usedF NMR to extend the temperature range accessible to detailed kinetic and equilibrium
studies of a hyperthermophilic protein. Employing an optimized incorporation strategy, the small cold
shock protein from the bacteriuffhermotoga maritimgdTmCsp) was labeled with 5-fluorotryptophan.
Although chaotropically induced unfolding transitions revealed a significant decrease in the stabilization
free energy upon fluorine labeling, the protein’s kinetic folding mechanism is conserved. Temperature-
and guanidinium chloride-dependent equilibrium unfolding transitions monitoré¥FdyMR agree well

with the results from optical spectroscopy, and provide a stringent test of the two-state folding character
of TmCsp. Folding and unfolding rate constants at high temperatures were determined fASmNIMR

spectra close to the midpoint of thermal unfolding by global line shape analysis. In combination with
results from stopped-flow experiments at lower temperatures, they show that the folding rate constant of
TmCsp and its temperature dependence closely resemble those of its mesophilic homolodB@citius

subtilis BSCspB. However, thenfolding rate constant of mCsp is two orders of magnitude lower over

the entire temperature range that was investigated. Consequently, the difference in conformational stability
between the two proteins is solely due to the unfolding rate constant over a wide temperature range. A
thermodynamic analysis points to an important role of entropic factors in the stabilizatibm@sp

relative to its mesophilic homologues.

Proteins from thermophilic organisms exhibit remarkable from the hyperthermophilic bacteriuhermotoga maritima
thermal stability, making life possible at temperatures above (TmCsp! Figure 1) g, 8, 9), we decided to use NMR. This
the boiling point of water. Despite two decades of active method allows not only simultaneous monitoring of multiple
research in this field, a general concept of how this stability nuclei in a protein individually but also the extraction of
is achieved has remained elusiig. (The small differences  kinetic parameters from equilibrium measurements by line
that are necessary in terms of stabilization free energy appeashape analysisl(). Due to signal overlap in proton NMR
to be implemented by a variety of strategies using combina- spectra, detailed analyses of this kind have so far been limited
tions of virtually all known structural parameterg, (3). to the signals from aromatic amino acids in very small
Experimental analyses of the kinetic and thermodynamic proteins (0—15). With its large fraction of aromatic amino
basis of thermostability, which might extend our understand- acids, the assignment and separation of single resonances
ing beyond the static picture from sequence and structurewere not possible in proton spectra BiCsp, particularly
comparisons, have often been hampered by the irreversiblen the unfolding transition region. Thus, selective labeling
unfolding of thermophilic proteins4j. Recently, protein  of specific atoms or amino acid side chains had to be applied.
families have been identified that do not show these Here we use'®F as a nucleus, which combines several
complications and allow a comparison of homologous advantages, including 100% natural abundance, a receptivity
proteins from organisms with different thermophiliciti&s( to NMR detection close to that of the proton, a large chemical
7). To extend the temperature range and detail accessible tcshift range, and exquisite sensitivity for changes in the local
the investigation of the folding of the cold shock protein van der Waals environment and electrostatic fields-(19).

Most commonly, aromatic amino acids labeled Witk
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Ficure 1: Stereo ribbon drawing of the tertiary structure of Csp frfbrmaritima The aromatic side chains, which form a hydrophobic
cluster on the surface, are shown in a cone representation. The positions of fluorine in the protein labeled with 5-F-Trp are colored in green.
This figure was prepared using Molmd4).

amino acid endogenously is most easily eliminated by adding ments were used to determine GdmCI concentrati@fy (

the herbicide glyphosate, which inhibits the de novo synthesis Protein concentrations were determined by absorbance
of the aromatic amino acid2Q, 21). However, this strategy ~ spectroscopy24, 25) using a molar extinction coefficient

is often hampered by incomplete incorporati@@)( which of 1.28 x 10* M~ cm* for unlabeledTmCsp @) and molar
introduces heterogeneity into the sample and can evenextinction coefficients for labeledmCsp as described below.
obscure its folding behavior, if species with different degrees All measurements were performed in buffer containing 50
of labeling have different conformational stabilities or folding mM sodium phosphate, 20 mM NacCl, 0.2 mM EDTA, and
kinetics. Here, we describe a modified growth protocol, 1 mM DTE (pH 6.5) unless stated otherwise. SigmaPlot
which permits complete incorporation éPF]Trp. We used (Jandel) was used for regression analysis.

the altered absorbance of the fluorinated tryptophan side Mutagenesis, Incorporation of Fluorine, and Protein
chains to conveniently determine the level of incorporation pyrification. One of the major problems with the incorpora-
spectroscopically. Monitoring GdmCl- and temperature- tion of some of the fluorinated amino acids into proteins is
induced equilibrium unfolding transitions by one-dimensional their toxicity to bacterial cellsZ1). Inclusion of~10—20%
(1D) F NMR spectra allowed us to stringently test the two- of the unlabeled analogue in the growth medium has been
state folding behavior oTmCsp and measure folding and  suggested20), which increases the viability of the cells.
unfolding rate constants at high temperatures by completeHowever, if the labeling changes the stability or folding
line shape analysis. Being able to measure both thermody-mechanism of the protein, the resulting incomplete incor-
namic and kinetic parameters over a wide temperature rangeporation of the fluorine label leads to a heterogeneous sample,
allows a much more detailed analysis of the kinetic and which is prohibitive for an analysis of protein folding.
thermodynamic mechanism of thermostability of this protein Therefore, we grew bacterial cells in the presence of
than previously possible. The increased thermostability of glyphosate with a limiting concentration of unlabeled Trp
TmCsp compared to that of the highly homologous CspB in the medium to allow for the buildup of a biosynthetic
from Bacillus subtilis (22) is found to be due to lower  machinery unaffected by the toxic effects of the fluorine-
unfolding rate constants over a wide temperature range,labeled amino acid. When the cell culture started to reach
whereas the folding rate constants and their temperaturethe stationary phase due to a limiting Trp concentration, 5-F-
dependences are very similar for the two proteins. This leadsTrp was added and protein expression was induced. If a
us to conclude that entropic factors play an important role sufficiently tightly regulated expression system is used, this
in the thermostabilization of mCsp. procedure ensures high viability of the cells and complete
MATERIALS AND METHODS incorporation of the respective amino acid.
The cold shock protein fronT. maritima (TmCsp) was

Ultrapure GdmCI was from ICN (Cleveland, OH). All expressed irEscherichia coliBL21(DE3) using a pET21a
other chemicals were obtained from Sigma-Aldrich or Merck vector as described previousB) (Single tryptophan mutants
at analytical grade. The herbicide Roundup (Monsanto) waswere cloned using the Stratagene Quickchange site-directed
used as a cost-saving source of glyphosate. Chromatographynutagenesis kit and the primersGATATGAGAGGAAAG-
material was from Pharmacia-Amersham, and YM3 ultra- GTTAAGTACTTCGATTCCAAGAAGGGCTACGG-3and
filtration membranes from Amicon were used for the 5-CCGTAGCCCTTCTTGGAATCGAAGTACTTAACC-
concentration of protein solutions. Refractive index measure- TTTCCTCTCATATG-3 to substitute a tyrosine residue for
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Ficure 2: Absorbance of 5-F-Trp in comparison to that of unlabeled Trp and deconvolution of fluorine-laimelsp using the absorbance
spectra of isolated aromatic amino acids6i M GdmCI. (a) Absorbance spectra of Trp and 5-F-TriM GdmCl showing the strong
bathochromic effect caused by the fluorine atom. (b) The absorbance spectmCsp labeled with 5-F-TrpTmCspFW), denatured in

6 M GdmCI @), can be well deconvolved using a sum of the absorbance spectra of Phe, Tyr, and 5-F-Trp (solid line). The optimum
deconvolution using the spectra of Phe, Tyr, and unlabeled Trp is shown as a dashed line.

Table 1: Extinction Coefficientsof 5-F-Trp
262 nm 271 nm 280 nm 290 nm 300 nm

water (4.0+ 0.2) x 10° (5.4+0.2) x 10° (5.74 0.3) x 10° (5.1+0.2) x 10° (2.054 0.09) x 103
6 M GdmCl (3.76£0.05)x 10°  (5.31+£0.06)x 10*°  (5.75+0.07)x 1°  (5.33+0.06)x 10°  (2.61+ 0.03)x 10°

a Extinction coefficients are given in M cm™.

Trp7 and introduce a diagnost8rd restriction site (mutant ~ hydrogen atom bonded to the ring system of Trp changes
W7Y) and the primers 'SGGAGACGTGTTCGTACAC- the electronic properties of the chromophore and thus its
TACTCAGCAATTGAAATGGAAGGTTTCAAAAC-3' and electronic excitation and emission spec®a)( We used the
5-GTTTTGAAACCTTCCATTTCAATTGCTGAGTAGTG- absorbance spectrum of the individual amino acids Tyr, Trp,
TACGAACACGTCTCC-3 to replace Trp29 with tyrosine  5-F-Trp, and Phen 6 M GdmCI to deconvolve the spectra
and introduce a diagnostiMunl restriction site (mutant  of the labeled protein variants denaturedéi M GdmCl to
W29Y). guantify the incorporation yield of labeling with 5-F-Trp.
The unlabeled protein was expressed as described previfigure 2a shows the absorbance spectrum of 5-F-Trp in direct
ously ®). For the introduction of fluorotryptophan, new comparison to that of Trp. The absorbance spectrum of the
minimal medium (NMM) was used®g) with all amino acids resulting labeled protein is changed accordingly (Figure 2b).
except for Trp at a final concentration of 50 mg/L. Trp was Solutions with a known concentration of 5-F-Trp were
added to a final concentration of only 5 mg/L. All bacterial prepared by weighing out the dry substance in triplicate and
growth was under the selective pressure of 50 mg/L dissolving it in water or an aques M GdmCI solution at
carbenicillin, and endogenous synthesis of aromatic amino neutral pH. The concentration of GAmCI did not affect the
acids was suppressed by glyphosat€phosphonomethyl)-  absorbance spectra of the isolated aromatic amino acids
glycine] at a final concentration of 1 g/L. Medium was significantly. The extinction coefficients determined for 5-F-
inoculated with a freshly transformed single colony of Trp at several wavelengths are given in Table 1. They can
bacterial cells and shaken vigorously at°€7. Growth was be used to determine the extinction coefficients of proteins
monitored using the apparent optical density at a wavelengthcontaining 5-F-Trp in a manner analogous to established
of 555 nm (ORss). As soon as the culture left the exponential methods for the naturally occurring amino acidd, 25, 28)
growth phase due to the limiting concentration of Phe or according to the equation
Trp (usually at an OB of ~1.5), b/L-5-F-Trp was added

to a final concentration of 50 mg/L, and protein expression camel Phative

was induced by the addition of 1 mM IPTG. Approximately €native — €denatured, Gdmcl

4 h after induction and further incubation at 32, the cells enatured

were harvested, andmCsp was purified as described

previously ). whereenanveis the extinction coefficient of the native protein

Optical SpectroscopyBaseline-corrected absorbance spec- and edefr?;ﬂredis the extinction coefficient of the denatured

tra were recorded in a Jasco V-530 spectrometer. Deconvo-protein calculated from the sum of the contributing amino
lution of absorbance spectra was carried out with the programacids n 6 M GdmClI at the respective wavelengfave and
SigmaPlot (Jandel). Fluorescence spectra were recorded usindgomo.,are the absorbances of the native and denatured
a Spex Fluoromax spectrofluorimeter. Circular dichroism protein measured with protein solutions diluted from the
spectra and temperature transitions were measured in arsame stock solution to identical final protein concentrations
AVIV 62A-DS spectropolarimeter equipped with thermo- into buffer and GdmCI solutions, respectively.
stated cell holder using calibrated fused silica cells (path The absorbance spectrum ®MCspFW was analyzed
length of 1.0 mm) at a protein concentration of 1 mg/mL. assuming that only Phe, Tyr, Trp, and 5-F-Trp contribute
Quantification of Fluorine Incorporation by Absorbance significantly to the absorbance at wavelengths between 250
SpectroscopyThe substitution of a fluorine atom for a and 320 nm, and using the total number of Phe, Tyr, and
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Table 2: F NMR Parameters of 5-Fluorotryptophan TmCspFW denaturant concentration of 0 M, ard is the denaturant
- - concentration
native thermally denatured in free
staté denatured 6 M GdmCl 5-F-Trp
(300K)  (392K) (300 K) (300 K) _ dlnk
residue o (ppm) o (ppm) o (ppm) o (ppm) m = aco
Trp7 —44.2 —47.2 —46.8 —47.0
Trp29 —47.6 —47.3 —46.8 and
a All spectra were measured in 50 mM sodium phosphate, 20 mM
NaCl, 0.2 mM EDTA, and 1 mM DTE (pH 6.5).
dInk,
; ; ; ; M= ac
Trp residues present in the polypeptide as a constraint. The D

experimental data can be described well as a sum of these
amino acid spectra, in contrast to the best fit composite For a protein folding according to a two-state reaction
spectrum assuming only incorporation of unmodified aro-
matic side chains (Figure 2b). The optimum fit was obtained D __kf__ N
by assuming the complete absence of unlabeled Trp. This
result was confirmed by quantitative NMR. As expected, two
resonances of equal intensity-a44.2 and—47.6 ppm were  this results in a linear dependence of folding and unfolding
observed in thé®F NMR spectra offmCspFW (Figures 5  rate constants on denaturant concentratichi#f plotted on
and 6 and Table 2), compared to a resonanceat0 ppm a logarithmic scale.
for pure 5-F-Trp (Table 2). Integration of these lines and  Differential Scanning CalorimetrySamples at a protein
comparison with thé°F NMR spectra of free 5-F-Trp at a  concentration of 1 mg/mL were dialyzed against buffer
known concentration under identical conditions gave an containing 50 mM sodium phosphate, 20 mM NacCl, 0.2 mM
incorporation yield of 99+ 3%. We also analyzed the EDTA, and 1 mM DTE (pH 6.5) for at least 12 h; then@
samples with electron spray ionization mass spectrometrywas added to a final concentration of 8%, and the sample
(ESI-MS). The upper bound for the unlabeled protein and some reference dialysis buffer were filtered and de-
resulting from these measurements wd#k5%, and that for gassed. Measurements were performed in a CSC 6100 Il
the singly labeled protein was2%, corroborating virtually ~ calorimeter (Calorimetry Sciences Corp., Provo, UT) at a
complete incorporation. Our analysis resulted in extinction scan rate of 1 K/min. Independent samples were tested for
coefficients of 1.30x 10* M~t cm™* for TmCspFW at 280 reversibility of the unfolding transition by repeated scanning.
nm, using the values for unlabeled amino acids given by Data were analyzed using the deconvolution software CpCalc
Pace et al.Z5). supplied by CSC. The partial specific volume of the protein
GdmCl-Induced Unfolding TransitionSamples (1.xM was calculated from its amino acid composition to be 0.744
protein) were incubated for-1 h at 298 K in buffer cm®/g, and the exact concentration was determined by
containing 50 mM sodium phosphate, 20 mM NaCl, 0.2 mM absorbance.
EDTA, 1 mM DTE (pH 6.5), and 8% ED in the presence NMR SpectroscopyAll samples were dialyzed against
of varying concentrations of GdmCI. Fluorescence was then buffer containing 50 mM sodium phosphate, 20 mM NacCl,
measured at 337 nm (4 nm bandwidth) upon excitation at 0.2 mM EDTA, and 1 mM DTE (pH 6.5), and then NgN
280 nm for TmCsp and 286 nm folTmCspFW (3 nm DSS, and RO were added to final concentrations of 5 mM,
bandwidth). Nonlinear regression was carried out assuming0.1 mM, and 8%, respectively. A sample volume of Q0
a two-state reaction between the folded and unfolded statewas used, and sample tubes were sealed by melting for high-
and a linear dependence of the fluorescence emission of thgemperature experiment®F NMR spectra were obtained
folded and unfolded state on GdmCI concentrati®®).( at 470 MHz in a Bruker DMX 500 spectrometer using an
Folding kineticswere measured in a DX.17MV sequential appropriately tuned 5 mm hydrogen probe. Ninety-degree
mixing stopped-flow spectrometer from Applied Photophys- flip-angle pulses were found to bell.5us at 300 K for all
ics (Leatherhead, U.K.) by following the change in fluores- samples. For the quantitative measurements, a pulse angle
cence above 300 nm upon excitation at 280 nm (10 nm of 90° and a repetition timefol s were used. Under these
bandwidth). To initiate unfolding, 1M native protein in conditions, no saturation dfF signals was observed. No
buffer was diluted 11-fold with GdmCI solutions of varying pH correction was made for the,O content; no proton
concentrations to give the desired final GAmCI concentra- decoupling was used, and spectra were processed with 1 Hz
tions. To initiate refolding, 1M protein unfolded in 6 M of line broadening, which does not affect line shape
GdmCl was diluted 11-fold with aqueous buffer or GdmCI significantly at the line widths observed in otfF spectra.
solutions of varying concentrations to give the desired final Indirect referencing vidH NMR spectra and DSS (2,2-
GdmCI concentrations. Five to fifteen kinetic traces were dimethyl-2-silapentane-5-sulfonic acid) was used. For this
averaged and analyzed as single-exponential functions. Thepurpose,'H spectra of the samples were measured at 500
GdmCl dependence of folding kinetics was fit using the MHz under identical conditions just befotd data acquisi-
equation tion, and the absoluttH frequency of the DSS signal was
multiplied by a scaling factor of 0.940 866 982 to obtain the
A=K o€ + k, £ reference frequency of trifluoroacetic acid (TFA) f&F
spectra 80). Temperature calibration was performed using
where/ is the measured rate constaki; andk, o are the the known temperature dependence of the difference of the
folding and unfolding rate constants, respectively, at a two ethylene glycofH NMR resonances3(l). Integration
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of NMR signals was performed using PeakFit (Jandel) and and k,, respectively, the exchange correlation times
Excel (Microsoft). defined as

Thermal unfolding of thermostable proteins can be prob-
lematic due to the irreversible degradative reactions taking = 1 (1g)
place at high temperature3j, which can only be neglected k, + ki
if incubation at these conditions is limited to a short period
of time. Due to the low signal-to-noise ratio of NMR The relative populations of states D and N follow as
experiments and the broad lines of tHE-labeled protein, "

T

spectra in the transition region of thermal unfolding of

TmCspFW had to be acquired for at least 1 h. Thus, even

the use of fresh samples for each temperature could notA sum of two functiond(v) was used for a global fit of the

completely prevent the slow appearance of small amountsdoubly labeled protein, using independent valuesTgy,

of chemically modified polypeptides during data acquisition. T.p, vn, andvp and identical values fopw, po, ki, ks, and

From experiments with samples incubated at high temper- Co. Standard deviations for the folding und unfolding rate

atures for up to 10 h, we estimate the error introduced into constants were estimated from fits using independent values

our data to be less than 10%. for ki and k, for the two lines in exchange. The indirect
Line Shape Analysigolding and unfolding rate constants  fluor—proton spir-spin couplings to the protons in positions

in the transition region of thermal melts were estimated from 4 (H<), 6 (H”?), and 7 (H?) in 5-fluorotryptophan (F) are

the line broadening i NMR spectra by nonlinear 9.9+ 0.1 Hz for3J(F-*H) and3J(F**H"?) and 4.68+ 0.07

regression, using the solution for the kinetic equations Hz for SJ(F*H%?) (measured in aqueous solution at 293 K

describing the exchange between two states and the Blochand pH 6.5). They are not resolved in the protein and were

=kt and p, = (1h)

equations describing the spigpin relaxation of a nucleus
(10, 33). The frequency dependence of tHE NMR line
spectruml(v) was simulated by

neglected in the simulations since the inhomogeneous line
broadening caused by these couplings is small compared to
the homogeneous line widths.

Analysis of the Temperature Dependence of Folding and

pl1+ Po n Pn +OR Unfolding Rate Constanté&ssuming that the transition state
t Ton  Top ensembles for folding and unfolding are energetically similar
I(v) =—Cy 0L (1a)  and that the reaction is microscopically reversible, we used

whereCy is a scaling factor that is proportional to the protein
concentration, T,y and Top are the apparent transverse

transition state theory to analyze the folding kinetics of
TmMCspFW B4, 35). Transition state theory relates a reaction
rate constank to the Gibbs free energy of the transition

relaxation times in the absence of exchange broadening ofStateAG; relative to the initial state:

states N and D, respectively, which were determined by linear
extrapolation of the pre- and posttransition baseline values

into the transition region, anpy andpp are the fractional

populations of the native and denatured states, respectively.

The termsP, Q, andR are given by

kx = kl% eAGX*(T)/RT (2)

where € is the transmission coefficienkg and h are the
Boltzmann and Planck constants, respectivBlys the gas

1 2 constant, and is the absolute temperature. In analogy to
P= T[T T — 4 AV? + () ] + -|-_ + -|-_ (1b) the equilibrium Gibbs free energhG, the temperature
2N'2D 2N 2D F
dependence oAG, is given by
Q = 1[27Av — wov(py — Pp)] (1c)
s AG(T) = AH}(To) — TAS{(T) +
1 1 T
R=27Av|1+ 7|=—+—]|| + A |(T—Ty) —Tin=—| (3
’ (TZN T2D p,x( 0) TO ( )
1 1
ﬂéw(T_ZN + f) +ov(py ~ Pp) (1d) whereAH is the enthalpy of activatiom\S, is the entropy
_ of activation, Ac is the difference in heat capacity
with between the final and the initial state, which is assumed to
s 1 be independent of temperature in this derivation, and
V=UNT (1€)  the reference temperature, 298 K in our case. For the folding
and unfolding rate constankg andk,, respectively, eqs 2
and . . .
and 3 yield the Eyring equations
vy T Vp
L (1) k = eﬁe[Asﬁ(To)]/RTe{—AHf*(TO)—Acpﬁ[(T—To)—T|n(Trr0)]}/RT (4a)
h

wherevy andvp are the resonance frequencies of a nucleus
in the native and denatured states, respectively, which wereand
estimated by extrapolation of the pre- and posttransition
baseline values into the transition region using a quadraticku _

EEeAsU*(TO)/RTe{ —AHH(To)— Ay (T-To)—T IN(TTHI}/RT (4b)
function. With the folding and unfolding rate constatkis h
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Ficure 4: GdmCI dependence of the folding kinetics and equi-
librium unfolding of labeledTmCsp at 298 K. (a) Observed rate
constantl for folding and unfolding as a function of GdmCI

dependence of the partial molar heat capacity measured byconcentration. A fit of the data to a two-state model (see Materials
differential scanning calorimetry. Only every 12th data point is and Methods) is shown by the solid line. The dashed lines show
given. The solid lines show theoretical two-state approximations. the extrapolated GdmCI dependence of the microscopic folding and
(b) Temperature dependence of the circular dichroism signal at 208unfolding rate constants. The dotted lines represent the fits to

nm for fluorine-labeled®, T, = 360 K) and unlabeledy, T, =
364 K) TmCsp. Only every second data point is given. The solid
lines show fits to a two-state model.

whereAXj,, values are the thermodynamic functions of the
folding or unfolding reaction, i.e., the difference between X
of the transition state and X of the unfolded or folded state,
respectively. To be able to compare our data directly to those
of Schindler and Schmid2@), we used a transmission
coefficient of 1 in our analysis, which allows changes in
activation entropies with temperature to be determined,
although it clearly overestimates the absolute value of the
preexponential factor3g) and does not take into account
the temperature dependence of solvent viscosity.

RESULTS

Effects of Fluorine Labeling on Csp Structure and Ther-
mostability. To be able to assess the validity of any
conclusions drawn from folding analyses BiCspFW, in
which both Trp residues of mCsp are replaced with 5-F-
Trp, the structural integrity of the protein had to be verified.
1D *H NMR spectra exhibited the usual dispersion and peak
distribution of nativeTmCsp. Moreover, the similarity of far-
UV CD spectra indicated virtually identical secondary
structure content of labeled and unlabeledCsp (data not
shown), as expected for fluorine incorporatidr); Effects
on thermostability were investigated by CD and differential
scanning calorimetry (DSC). The melting temperature for
TmCspFW was 359 K, compared to 361 K fBmCsp using
DSC (Figure 3a). In spectropolarimetric measurements, 360
K was observed as the transition midpoint fomCspFW
from the fit to a two-state model, compared to 364 K for
the unlabeled protein (Figure 3b). Slight differences between
the two methods are probably due to the high melting point
of the protein and the resulting uncertainty of posttransition
baselines in CD experimentsB)( Temperature-induced
unfolding was found to be reversible by repeated heating of
the same samples to 375 K. A theoretical two-state ap-
proximation of the DSC data gave good fits (Figure 3a), and
the ratio of calorimetric to van't Hoff unfolding enthalpies

corresponding data for the highly homologous unlabeled cold shock
proteins fromB. subtilis (BSCspB), B. caldolyticus(BcCsp), and

T. maritima(TmCsp) shown for comparison (parameters taken from
ref 5). (b) GdmCI-induced equilibrium unfolding transition mea-
sured by fluorescence [unfoldin®) and refolding ©)] and peak
integration from 1D'F NMR spectra [signal from'fF]Trp29 (1)

and [°F]Trp7 (a)]. The fraction of native protein obtained from
the fit to a two-state model is plotted, and the regression is indicated
by the solid line. For comparison, the corresponding two-state fit
for unlabeledTmCsp is included (dashed line; parameters taken
from ref ).

was close to unity for all samples as expected for a two-
state transition 37), similar to what was found for the
unlabeled protein38). Despite slight effects on the melting
temperature, fluorine labeling dfmCsp therefore conserved
both the thermostability and the two-state characteristics of
the protein.

Effect of Fluorine Labeling on the Folding of TmCspFW
in GdmCI. Unlike thermal unfolding transitions, GdmCI-
induced unfolding transitions @mMCspFW exhibited a clear
shift of the midpoint,cy,, to lower GdmCI concentrations
by ~1 M and a slight decrease in cooperativity,compared
to that of unlabeledmCsp (Figure 4). This corresponds to
a decrease in the Gibbs free energy of stabilization extrapo-
lated b 0 M GdmCI, AG?, by ~10 kJ/mol, to 14+ 2 kJ/
mol (5, 8), a destabilization much greater than that typically
reported for fluorine-labeled proteinsq—19). This decrease
in stability also manifested itself in the dependence of the
folding kinetics on GdmCI concentration (Figure 4a): the
extrapolated folding rate constant in the absence of denatur-
ant, k® = 470 s, and its linear change with GdmCI
concentration,my, were virtually identical to those of
unlabeledTmCsp, but the unfolding branch of the chevron
plot was shifted to higher unfolding rate constants with a
k® of 0.47 s?! (Figure 4a). BothAG® and its GdmClI
dependence calculated from kinetic and equilibrium data
were in good agreement. ldentical values were obtained for
the apparent folding rate constait for unfolding and
refolding experiments at the same concentration of denatur-
ant, and the analysis of the amplitudes of the monophasic
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unfolding and refolding kinetics afmCspFW (39) provided
no evidence for rapidly formed folding intermediates (data w7 W29
not shown). Despite the significant effect of fluorine
incorporation on its stability, these observations strongly
support the assumption that the folding ThCspFW is a
reversible two-state reaction, and that the folding mechanism
of TmCsp is conserved. 0.54 M
Investigation of Two-State Folding ByF NMR. To be
able to assign the fluorine resonances of Trp7 and Trp29 in
the native and denatured states of the protein, single- 1.12M
tryptophan mutants (W7Y and W29Y) were created by site-
directed mutagenesis and labeled with 5-F-Trp. Under native
conditions, the mutants exhibitddF NMR spectra with 1.65M
single peaks at-44.2 ppm for W29Y and-47.6 ppm for
W7Y (data not shown), allowing unequivocal assignment
of the resonances of the doubly labeled protein. Moreover,
identical peak positions inTmMCspFW and the single-
tryptophan mutants indicate a lack of direct interactions 2.78 M
between the two tryptophan side chains, which makes them
independent probes for monitoring the folding reaction and 3.14M
allows an even more stringent test of the two-state model
than with optical methods. A GdmCI-induced unfolding J
transition of TMCspFW monitored by°F NMR is shown in 365M
Figure 5. Aboe 1 M GdmCl, the intensity of the signals J
from W7 and W29 decreased synchronously with the 413 M
simultaneous appearance of a single resonance for the \
denatured protein close to the signal of free 5-F-Trp (Table 461 M J
2). This suggests the absence of secondary or tertiary
structure in the unfolded state. There was hardly any 5.07 M _J
dependence of the chemical shifts of all three peaks on ’ \

oM

L
L
I
A
A

221 M

LLLLL

GdmCI concentration, which means that there are no
detectable changes in the electronic vicinity of the fluorine 5.59 M )
atoms, and therefore that the conformational ensembles of

both the native and the denatured state do not undergo J
significant changes in protein structure or dynamics with
changing GdmCI concentration. Calculating the fraction of
native protein from the peak integrals yielded unfolding

transitions that agree well with the transition obtained from FIGURES: *F NMR spectra of 5-F-Trp-labeleBCsp as a function
of GAmCI concentration measured at 298 K. Data were taken at a

fluprescence measurements (Figure 4b), Wh'?h '$ Compellllng 19F frequency of 470 MHz and indirectly referenced relative to TFA
evidence for the good agreement of the equilibrium folding ysingH spectra recorded under identical conditions. The vertical

6.08 M

-44.0 -45.0 -46.0 -47.0 -48.0
ppm from TFA

of TmCspFW with a two-state model. displacement of the spectra is proportional to the GdmCI concentra-
Temperature Dependence of Folding ¥ NMR and tion in the sample, which is indicated to the left of each spectrum.
Stopped FlowThe Ty, of 356 K determined from thé®F The resonances were assigned using site-directed mutagenesis.

NMR spectra taken between 300 and 392 K (Figure 6) is

close to the values obtained from CD and calorimetry (Figure other proteins41—43), and can probably be accounted for
3), but several differences compared to the GdmCI-induced by the shielding of electrostatic interactions at high concen-
unfolding transition are obvious. First of all, there were both trations of GdmCI.

a pronounced temperature dependence of the chemical shifts Around the folding temperature, chemical exchange be-
and a gradual narrowing of the lines in the pretransition tween folded and unfolded states leads to obvious line
region. The increasing thermal motion in the native protein broadening, especially for the W7 resonance (Figure 6). This
(40) can probably account for these effects without having can be exploited to obtain folding and unfolding rate
to invoke major structural changes or folding pretransitions. constants at high temperatures, using the functions describing
Above 370 K, two sharp lines were observed in the denatured NMR spectra of systems undergoing chemical exchah@e (
state (Figure 6) that were assigned from the single-tryptophan33; see Materials and Methods). The method is limited to
mutants under identical conditions (data not shown). The conditions significantly populating both the folded and the
chemical shift difference between the lines was approxi- denatured state and yields greater uncertainty in the values
mately constant over the entire posttransition region, indicat- determined than fluorescence stopped-flow techniques; how-
ing stable residual structure in the thermally unfolded state. ever, it extends the measurable range of rate constants beyond
No indication for secondary or tertiary structure was found that of conventional technique$(—12, 15), and it facilitates

in GdmCI-denaturedmCspFW (see above, Figure 5). This high-temperature measurements. Global line shape analysis
discrepancy is in agreement with the dependence of residualof the spectra in the temperature range between 347 and 362
structure on unfolding conditions in the denatured states of K assuming a two-state reaction yielded good fits (Figure
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| \ Lo
YL G — 'W‘ — —-— " 00028 00030 00032  0.0034
J| J 1T (K
328K m S s ' FIGURE 7: Analysis of the temperature dependence of the folding
JL (O) and unfolding @) rate constants of labelddnCsp. The values
at low temperatures are from stopped-flow experiments, and the

values at high temperatures are from dynamic NMR (Figure 6).

w..JMJ

) | The solid lines represent fits of the temperature dependence of the
336K unfolding and folding rate constants according to transition state
J\A theory (egs 4a and 4b). The temperature dependences of the folding
341K iy L e s and unfolding rate constants &sCspB (parameters taken from
_ { ref 22) are shown as dashed lines for comparison.
347K . s . . —
A A Table 3: Comparison of Thermodynamic and Kinetic Parameters
350K \\ for TMCspFW andBsCspB at 298 K
353K N o i
355K ot tP il TmCsp BCspB
gn - - *""‘M(;_\,,‘_"“ AG® (equilibriun®) (kJ mol?) 1442 8.9
o - AN m (equilibrium) (kJ mot* M~1) -5.6+0.2
362K . et _/‘)\ - kO (s™Y) 470
R YY1l — it k(s 0.47
AG° (kinetic®) (kJ mol™) 1742
ATK e " RTm (kJ mort M~Y) —6.1+0.2
) RTm (kJ moFt M—1) 0.404 0.02
376K " AH; (kJ mot?) 51+2 32+2
Ac;f (kJ mol K1) —26+0.2 —27+03
AH?, (kJ mol?) 7242 96+ 3
383K Ach, (kJ molt K1) 0.2£0.2 0.3+ 0.4

aData taken from re22. ® Obtained from GdmCl-induced equilib-
rium unfolding transitions (Figure 4bj.Obtained from the GdmClI
392K dependence of the folding and unfolding kinetics (Figure #Assumed
to be independent of temperature.

-440 -45.0 -46.0 -47.0 -480
ppm from TFA

. ) linked to the heat capacity change, because both values
FiGure 6: F NMR spectra of 5-F-Trp-labelefnCsp as a function  depend on the difference in solvent accessible surface area

of temperature. Data were taken at’& frequency of 470 MHz - :
and indirectly referenced relative to TFA usiHg spectra recorded upon unfolding 44). Correspondingly, the curvature of the

under identical conditions. The vertical displacement of the spectra témperature dependence of the unfolding rate Conitam of
is proportional to temperature, which is indicated to the left of each TmMCspFW is also very small (Figure 7), yielding/e, ,
spectrum. The resonances were assigned using site-directed mug|ose to zero (Table 3). The folding rate constant is much

tagenesis. Line broadening in the transition region due to chemical ) :
exchange between native and denatured states can be utilized t(l)ess temperat_ure de_pendent than the unfoldln_g rate constant
determine folding and unfolding rate constants at these temperatures!n the range investigated here. As the transition state and

Red lines show the corresponding fits from line shape analysis (seedenatured state are very dissimilar in their interactions with

Materials and Methods). the solvent (Figure 4; see above), the heat capacity difference
between these two states is large. Using eq 4a, we obtained

6). Unfolding rate constants that increased frod0 s at a value of—2.6 = 0.2 kJ mof* K™%, with an activation

347 K to~300 s at 362 K were obtained, along with less enthalpy for foldingAH; of 51+ 2 kJ/mol at 298 K. Due to

temperature-dependent folding rate constants-200 st the large negative&c;f, AHf decreases with temperature.

(Figure 7). At low temperatures it is positive but becomes zere-ai8

Together with the values from the stopped-flow experi- K, and at higher temperatures, it is negative, implying that
ments between 290 and 318 K, the unfolding rate constantthe barrier to refolding is of both enthalpic and entropic origin
increased by 3 orders of magnitude over a temperature ranget low, but of entirely entropic origin at high, temperatures.
of 72 K (Figure 7). The unfolding rate constantlohCspFW This non-Arrhenius behavior of protein folding rates is well-
is almost independent of GAMCI concentration (Figure 4), established45, 46). A very similar temperature dependence
which implies a transition state that is very nativelike in its was found for the folding kinetics dBSCspB @2, Figure
interactions with the denaturant, a property that is closely 7).
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to the intercept with the ordinate. The large virtually parallel
60 - TS 7] shift of the unfolding rate constants in Figure 7 therefore
40 - | points to entropic factors dominating the effects of amino
- acid exchanges that lead to thermostability. Eveﬂoﬁyu is
S 20+ . varied between 0 and 400 J mblK1, it is obvious from
g an analysis using eq 4b that the difference between the
2 0 activation free energies of unfolding afmCspFW and
~ u BCspB is to a large part due to a difference in the activation
T -20r entropiesof unfolding.
-40 | Assigning these entropic factors to contributions from
either solvent entropy or protein conformational entropy in
-60 | experimental studies is complicated by the fact that solvent

and protein form one thermodynamic system. Here, the only
Reaction coordinate hint comes from the solvent dependence of the activation
Ficure 8: Schematic enthalpy diagram f&CspB (black) and entropy. ForBsCspB, it was found that, compared with the

labeledTmCsp (red) at 298 K. The values for the native (N) and folding activation entropy, thenfoldingactivation entropy
transition state (TS) are plotted relative to that of the denatured hardly changed with urea concentratid2), This argues

state (V). that most of the entropy difference between the transition
state and the folded state is not due to different solvent
interactions, but rather due to a reduction of the degrees of
freedom accessible to the protein, e.g., by tighter core packing
or reduced surface side chain flexibility. Therefore, it appears
to be probable that changes in conformational entropy on
the native side of the barrier can be modulated more easily
than solvent entropy to achieve a decrease in free energy of
the folded protein. This illustrates a situation where the
mechanism of thermostabilization is inaccessible to ap-
proaches using the comparison of static structures, one of

As opposed to the strikingly similafolding rates of
TmCspFW andBsCspB, theunfolding rate constants are
almost 2 orders of magnitude higher fBECspB over the
whole temperature range that was investigated (Figure 7).
From the work of Perl et al.g), it has been known that at
298 K, the differences in stability betweBICspB, Csp from
Bacillus caldolyticug§BcCsp), andTmCsp are entirely due
to different unfolding rate constants, whereas the folding rate
constants and the dependences of both folding and unfolding
rate constants on GdmCI concentration are virtually identical : A . .
for the three proteins. Our results suggest that the ssimilaritiesthe qlassmal strategies in the field)( t_)ut rather requires
in the folding kinetics and mechanism found for the kinetic ar]d thermodyn§m|c or dY”am'C strgctgral data.
mesophilic and hyperthermophilic cold shock proteins at A detailed struct_ural interpretation of our finding does not
ambient temperature extend to their temperature depen-2PPear to be feasible on the basis of our current molecular
dence: the lower unfolding rate constantdoiCsp can also ~ understanding of protein stability. Molecular dynamics
account for the different melting temperaturesBsCspB simulations, currently the only me_thod that can address .aII
andTmCsp. In other words, the mechanism of stabilization components of the molecular partition function of a protein
of the thermophilic versus the mesophilic protein is conserved iIndividually for all states, are not yet able to give reliable
from room temperature to the physiological temperature of guantitative estimates of their relative contributions. How-

Thermotogabeyond 80°C. ever, it has become clear over the past two decades that,
despite the high packing densities of proteins, residual
DISCUSSION conformational entropy in the folded state can by no means

. be neglected and may even surpass the entropy change upon

The conservation O.f th? temperature dependences Offolding (47). More recent simulations indicate that previously
foldln.g and qnfoldmg in this family of smgll cold Sh_OCk unexpected entropic terms can significantly contribute to the
proteins has implications for the structural interpretation of delicate free energy balance of protein stability. Vibrational
their different conformational stabilities. In this case, their flexibility, for instance, can increase upon secondary structure
different stabilities are completely due to different unfolding formatioin @8) espec;ially in the case gf-structure 49).
rate constants, but what is the origin of the large increase i”The only curréntly available experimental methods with the
the activation barrier for unfolding? One possible explanation potential capability of addressing some of these issues are
would be a stabilization of the native state by means of nuclear spin relaxation rate measuremer®§ 61: for a
surface mutations leading to a larger number of enthalpic review, see re62). In a recent study, Stone and cb—workers

Xteracponshthath form only_ aftefr rt]he trfar:gmc;)n Staﬁ)']s h (53) found a striking correlation between the stability and
hssurrgng t afc the energetlcs. o.lt € unio eldstﬁtes of the 4 ckbone flexibility of several protein G B1 domain mutants,
three Csp variants are very similar, one would then exF_)eCtsuggesting that increased backbone conformational entropy
Increasing activation enthalpies of un.fold'lng with INCréasing s 4 means of protein stabilization. Similar analyses might
thermostability. However, as shown in Figure 8, the activa- o g g clarify whether related mechanisms are utilized

tion er_lthalpy of unfolding and even more the equilibrium to achieve the remarkable stability of proteins from thermo-
unfolding enthalpy at 298 K are significantigwer for the philic organisms.

thermophilic protein, which shows that enthalpic contribu-
tions can obviously not explain its increased stability. The AckNOWLEDGMENT

activation enthalpy corresponds to the slope of the Arrhenius

plot (the graph of Irk, as a function of I, Figure 7), and We thank G. Hummer, T. Kiefhaber, and T. Oas for
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