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Abstract

The contributions of backbone NH group dynamics to the conformational heat capacity of the B1 dorGaeptd-

coccal protein G have been estimated from the temperature dependent® dMR-derived order parameters.
Longitudinal(R;) and transversgR,) relaxation rates, transverse cross-relaxation raig$, and steady stat¢H}—°N

nuclear Overhauser effects were measured at temperatures of 0, 10, 20, 30, 40,Gifaf B9—-100% of the backbone
secondary amide nitrogen nuclei in the B1 domain. The m4j6,, was used to identify nuclei for which conforma-

tional exchange makes a significant contributiorRio Relaxation data were fit to the extended model-free dynamics
formalism, incorporating an axially symmetric molecular rotational diffusion tensor. The temperature dependence of the
order parameteS?) was used to calculate the contribution of each NH group to conformational heat caaneiand

a characteristic temperatuf€*), representing the density of conformational energy states accessible to each NH group.
The heat capacities of the secondary structure regions of the B1 domain are significantly higher than those of comparable
regions of other proteins, whereas the heat capacities of less structured regions are similar to those in other proteins. The
higher local heat capacities are estimated to contribute u{Dt8 kJmol K to the total heat capacity of the B1 domain,
without which the denaturation temperature would ©8°C lower (78°C rather than 87C). Thus, variation of
backbone conformational heat capacity of native proteins may be a novel mechanism that contributes to high temper-
ature stabilization of proteins.

Keywords: B1 domain; entropy; heat capacity; NMR relaxation; order parameter; protein dynamics; protein stability

Most globular proteins are marginally stable because the factoreeversible thermal denaturation with a characteristic midpoint, the
that favor formation of the native state, primarily desolvation of melting temperatur€Tl,,,). The free energy of unfolding of a protein
hydrophobic groups and formation of intramolecular hydrogen bond$AGy.—y) depends upon the changes in enthalpy, entropy, and heat
and salt bridges, are almost equally balanced against those the&pacity that occur upon unfolding and the temperatire ac-
favor denaturation, primarily the higher conformational entropy ofcording to the equatiofCreighton, 1993; Fersht, 1999

the unfolded protein chain relative to that of the native di@teigh-

ton, 1993; Fersht, 19_99At high temperatures, the bala_mce be_- AGy_y = AHo— TAS + AC, y_u [T~ To— TIN(T/Ty)] (1)
tween these factors is altered such that many proteins exhibit

in which AHy and AS, are the enthalpy and entropy changes,
Reprint requests to: Martin J. Stone, Department of Chemistry, |ndian¢espective|y, at a reference temperatdeand AC,, y—y is the
University, Bloomington, Indiana 47405-0001; e-mail: mastone@indiana.change in heat capacity at constant pressure, which is assumed to

edu. . . ) . - )
Abbreviations: CSA, chemical shift anisotropy; CPMG, Carr-Purcell- be invariant with temperature. Equation 1 indicates that native

Meiboom-Gill; DSS, 2,2-dimethyl-2-silapentane-5-sulfonic acid; FID, free proteins may be stabilized by an increase\ i, or by a decrease
induction decay; HSQC, heteronuclear single quantum coherence spein eitherAS, or ACy, n—y. Thus, one possible strategy for a protein

tsr;g(‘:;tggci'p';%’gfg FO‘F’)?]Z‘:;:;e;tﬁ;‘;ﬁtl?fé\r'gﬁaz’r%%‘?';ﬂacs)ge:?b%“nsfglggsegb achieve high thermal stability is to increase the heat capacity of
SSE, summe’d squa’red errofig; longitudinal relaxa’tion timé constant; the native state, thereby decreasmg’v'\‘*u‘ The heat capacity of

TOCSY, total correlation spectroscopy, transverse cross-relaxation rate the native state of a protein may be partitioned into three major
constant. contributions resulting from fluctuations of primaigovalenj struc-

1177



1178 M.J. Seewald et al.

ture, of noncovalent interactions within the protein molecule, and
of interactions of the protein molecule with solvefcluding
reorganization of solvent—solvent interactipf@Gomez et al., 1995
These terms have been estimated to contrib2, ~3, and~15%,
respectively, to the total heat capacity of folded proteins, although
ACy n-u Is largely dominated by changes in the solvation term
(Gomez et al., 1995

Although the total changes in thermodynamic parameters upon
protein unfolding can be readily measur@dy., by calorimetry a
more thorough understanding of the factors contributing to protein
stability requires the thermodynamic contributions of various phys-
ical effects to be separated. Recent advances in the collection and
analysis of NMR relaxation data have made it possible to estimate
the contributions of individual bond vector fluctuations to confor-
mational entropy and heat capacitkke et al., 1993; Li et al.,
1996; Yang & Kay, 1996; Yang et al., 1997The relaxation of
protonated>N or *3C nuclei in proteins is dominated by the an-
gular fluctuations of the associated NH or CH bond vectors rela-
tive to the permanent magnetic field. Relaxation data can be analyzed
according to the Lipari-Szabo model-free formalism to yield pa-
rameters describing the rotational diffusion of the whole molecule
and the amplitudes and time scales of the internal motions of the
NH or CH groups(Lipari & Szabo, 1982a, 1982bThe general- Fig. 1.'Ribbon diagram shoyving the secondary structure of the B1 domain
. 2 : . (Protein Data Bank accession code: 2gbl
ized order parameteS?) describes the amplitude of angularly
restricted internal motion and is related to conformational entropy
because both are derived from the same probability distribution of
spatial coordinatefAkke et al., 1993 Thus, if a particular model  56) that are associated to form a four-stranded mixed antipafallel
is assumed for internal motions and if the motions of individual parallel 3-sheet. A singlex-helix (residues 22—37lies across one
bond vectors are assumed to be independent from each other, tFece of the sheet. There are no proline residues or disulfide bonds.
conformational entropy may be calculated from the order paramThe B1 domain undergoes reversible thermal denaturatio@atC
eter(Yang & Kay, 1996. The heat capacity associated with bond (Gronenborn et al., 1991; Alexander et al., 1993at its stability
vector fluctuations may then be estimated from the temperaturat physiologically relevant temperatures is not unusually k#gh
dependence of the conformational entréjgsing et al., 1997; Evenas exander et al., 1992aThe folding of the B1 domain has been
et al.,, 1999. These methods have been applied to estimate thstudied extensivelyfAlexander et al., 1992b; Kuszewski et al.,
contributions of backbone NH bond vector fluctuations to the heatl994; Orban et al., 1994, 1995; Kobayashi et al., 1995; Park et al.,
capacity of the native calmodulin E140Q mutant C-terminal do-1997; Blanco & Serrano, 1998; Sheinerman & Brooks, 19881
main (Evenas et al., 1999the partially unfolded state of staph- the B1 domain has been used as a model system for the selection
ylococcal nucleas€Yang et al., 199¥, and the unfolded state of and design of modified hydrophobic core structui@\eil et al.,
the N-terminal SH3 domain from drédkke et al., 1998 In ad- 1995; Gronenborn et al., 1996; Dahiyat & Mayo, 1998 test the
dition, the temperature dependence of NH order parameters afecondary structure propensities of the amino a@disor & Kim,
native ribonuclease HRNase H has been analyzed using an 1994a, 1994b; Smith et al., 1994to probe the influence of ter-
alternative formalism that yields a characteristic temperature retiary structural environment on secondary structure formgtidia
flecting the density of conformational states accessible to each NHor & Kim, 1996), and to evaluate the energetics of side-chain—
group (Mandel et al., 1996 These previous studies suggest that side-chain interaction&Smith & Regan, 1996
the conformational heat capacity is typically relatively low for  The backbone dynamics of the B1 domain have been deter-
ordered secondary structured regions and higher for loops anchined previously for the native state atZ5(Barchi et al., 199%
terminal regions of folded proteins and for unfolded proteins.  and the urea-denatured state at pH 2 antC25-rank et al., 1996

In this paper, we describe an investigation of the contribution ofThe inner twopg-strands of the native structure are very rigid,
backbone NH group conformational heat capacity to the thermalhereas the outer two strands and the turns and loops exhibit
stabilization of a small protein domain, the B1 domain of Strep-greater flexibility. Faster than average transverse relaxation of NH
tococcal protein G. The B1 domain is one of several highly con-groups in the helix was attributed to slow fluctuations in the po-
served 1gG binding domains in protein G, a cell surface proteinsition of thea-helix relative to thes-sheetBarchi et al., 1994 In
that binds to the constant region of immunoglobulin allowing thethe denatured state, the C-terminghairpin sequence and the
bacteria to evade the host immune syst@jorck & Kronvall, central and N-terminal regions of thehelix sequence appear to
1984; Akerstrom et al., 1985; Boyle, 1990; Fahnestock et al., 1990 be conformationally slightly more restricted than the remainder of
The B1 domain(56 amino acid residug¢ss one of the smallest the molecule(Frank et al., 1996
stable folded globular domains known and has been studied ex- In the current paper, we describe the backbone NH group dy-
tensively by biophysical methods. The struct@fég. 1), deter-  namics of the native B1 domain at six temperatures over the range
mined by both NMR spectroscopy and X-ray crystallography 0-50°C. Cross-relaxation data and an anisotropic rotational diffu-
(Akerstrom et al., 1985; Gronenborn et al., 1991; Gallagher et al.sion model are used to separate the effects of molecular rotation
1994, consists of twgB-hairpins(residues 1-20 and residues 42— and slow conformational exchangeushman & Cowburn, 1998




Backbone heat capacity and protein stability 1179

The temperature dependence of backbone order parameters is ugdgandra et al., 1996 The R,/R; ratios for all residues at each
to calculate both local contributions to heat capacity and charactemperature are shown in Figure 2D. At the low temperatures,
teristic temperatures for each NH group and the results are conresidues in thev-helix clearly have higheR,/R; ratios than the
pared to previous results for other proteins. We discuss the relevancest of the molecule and there are several other residues with
of the backbone heat capacity to the high thermal stability of thehigher than typical value.g., residues 48 and 49 at@). At 40
B1 domain. and 50°C, the difference betwedR,/R; ratios for thea-helix and
the rest of the molecule is much less prominent, but there are still
several isolated residues displaying elevated values. The observed

Results variation inR,/R; may be influenced by several factors. First, if
molecular tumbling is anisotropic, NH groups pointing along the
Resonance assignments long axis of the molecule will reorient more slowly than other NH

The *H and*5N assignments of the backbone NH groups of the g1 Iroups. resulting in elevate,/R, ratios. Second, NH groups

domain have been reported previously for@alata(Barchi et al. influenced by chemical or conformational exchange on the micro-
) ' ..second to millisecond timescale will have increa&sdR; ratios,
1994). In the present work, assignments have been extended to thaeue to an exchange broadenit.,) contribution toR,. Third
fs?i%iﬁ?r:?sscot;uﬁglbzeoﬁi%eﬂr?e’eidr;g?a?/lZoTnig{igsﬁeviit;hfhgI;ubgggregation of protein mplecules would lead to slower _tumbling,
lished 26C spectrum(Barchi et al., 199% Three-dimensional ence increase®,/R; ratios. Although the latter effect is most
N likely to influence all NH groups equally, there may be some

TOCSY-HSQC and NOESY-HSQC spectra were used to confirm

) ) selective influences on certain residues depending on the struc-
assignments at 0, 20, and %0 Assignments at the other temper- tures and symmetry of the aggregates. We performed several analy-
atures were established by observation of smdoé#arly lineay Y y ggreg : P Y

variations of*H and 15N chemical shifts across the 0-8D tem- €S to separate these possible effects and to investigate whether

. . there were any significant differences in the anisotropy of molec-
perature range. For each temperature, it was possible to obtalr] ) e .
ular rotational diffusion at the different temperatures.

assignments for all backbone NH groups. Few residues had to be __ . . . .
excluded in the analysis of peak heights due to resonance overlaé) To investigate whether aggregation was occurringRfandR,

o~ . ) . . xperiments were repeated with a threefold dilu@&8 mM) sam-
10°C: A24 and E42; 30C: Q2 and T55; 40C: Q2, T25, E27, Co S
5(33 E42. and T55: 50C: TZE?and E27 H and15(l31 temperature ple at 50°C. The averag®,/R; ratio did not change significantly

coefficients(the slope of the linear chemical shift vs. temperature(data not: showyy providing evidence that aggregation was not

. occurring.
lots) were calculated for each resid(gata not shown The tem- . . . . .
plots . L h To identify residues whose transverse relaxation rates are influ-
perature coefficients do not correlate significantly with the solvent

accessible surface ar SA) of the corresponding NH groups, enced by exchange on the microsecond to mllllsec_ond timescale,
. CBA A we compared the ratio of the transverse auto-relaxatior( Rajeo
as determined from the average energy minimized NMR structur

(Gronenborn et al., 199112 values are 0.26 and 0.02, respec- %he transverse cross-relaxation réig,) across the proteiisee
tively, for *H and 1gi\] temperature coefficiénts o Materials and methodls Results obtained foy, and the ratio

Ro/nxy are shown in Figures 2E and 2k, values are listed in the
Supplementary material in the Electronic Appendix. At each tem-
Relaxation parameters perature, theR,/7,y ratio is approximately constant for all resi-

) ) ) dues, indicating that most residues are not influenced by exchange
Relaxation paramete(8;, R,, NOE, andns,) and their uncertain-  proadening. The 10% trimmed weighted average values,pf

ties were determined from the peak heights as described in MatgTaple ) decrease gradually with increasing temperat@end
rials and methods. The values of the relaxation parameters are

presented graphically in Figure 2; the data and uncertainties are

also listed in the Supplementary material in the Electronic Appen-

dix. The 10% trimmed weighted average value&pénd the NOE  Table 1. Average relaxation and dynamics parameters
(Table 1 both decrease with increasing temperature, as expected
for an increased density of fast time scale motions at higher tem- 10% trimmed weighted average of
perature. The 10% trimmed weighted average valu® ¢frable )
increases gradually from 0 to 30 then decreases again at the

0°C 10°C  20°C 30°C 40°C 50°C

higher temperatures. This classical behavior for longitudinal relaxg, 1.90 2.20 2.30 235 2.13 1.93
ation rates(Sanders & Hunter, 1987reflects the fact that the R, 8.54 6.35 5.38 4.32 3.70 3.23
spectral density function at the nitrogen Larmor frequeh@y) is NOE 0.75 0.72 067 055 042 0.27
maximum at 30C; this trend was confirmed by reduced spectral Re/Ru 436 291 234 184 172 160
density mappingdata not shown(Farrow et al., 1995 Mxy 569 423 334 272 223 18
Ro/myy 1.47 1.57 1.54 1.59 1.63 1.67
S? 0.85 0.78 0.77 0.73 0.65 0.60
Anisotropic rotational diffusion and exchange broadening Shral 08 077 076 071 063 054
71 (pS) 19.4 24.5 25.3 39.6 49.6 57.9
The principal moments of inertia of the NMR structuiferonen- Ry, 046 041 030 026 032 047
born et al., 199)of the B1 domain are in the ratio 1.00:0.90:0.52, Cone semi-angle
suggesting that rotational diffusion of the domain is significantly ~from & 185 231 240 259 301 329

anisotropic. The dimensions and orientation of an anisotropic of-one semi-anzgle
axially symmetric diffusion tensor may be readily estimated from from from oy 18.9 235 242 269 311 359
the N R,/R; ratios and the known structure of the molecule
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50°C values differ by a factor of-3.0), following the same trend from either an increase in exchange broadening contributions at
as seen foR, data. Interestingly, the 10% trimmed weighted av- higher temperatures or an increase in high frequency spectral den-
erage values d®,/7,y (Table 1) increase slightly with temperature sities at higher temperatures reducing the validity of the assump-
(by ~14% from 0 to 50C). This increase is most likely to result tion underlying Equation 3. However, we cannot rule out the
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Fig. 2. Relaxation parameters plotted vs. residue number at all six temperatures. Data at 0, 10, 20, 30, 4T anel &Fanged from
top to bottom.A: Longitudinal relaxation rate constar®s. B: Transverse relaxation rate constaRis C: Steady-statd*H}—'°N
NOEs.D: Ry/R; ratios.E: Transverse cross-relaxation rate constapjsF: Rx/7yy ratios. Values and uncertainties are listed in the
Supplementary material in the Electronic Appendix. The positions oBteands and the-helix are indicated schematically at the
bottom by solid and open rectangles, respectivigijgure continues on facing page.
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possibility that variations irR,/7,, with temperature reflect dif-
ferences in the NH bond length, chemical shift anisotropy/and
angles between principal axes of CSA and dipolar tensors.
Despite the relatively flat distributions &%/7,, values at each
temperature, several residues stwin,, values clearly above the
average(Fig. 2F). After exclusion of those residues with large
amplitude fast internal motiondNOE = 0.3), we applied the cri-
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terion that theR,/7,, value of a given residue exceeds the average
ratio at that temperature by more than one standard deviation to
identify the following residues as being subject to conformational
exchange: T11, G14, G41, Y45, T49, and RB2C); G14, G41,
T49, and F5210°C); G41, T49, and T5320°C); T11, T49, T51,
T53, and E5630°C); T11, K13, G38, T49, F52, and E580°C);

and 16, E15, T18, G38, and T5&0°C). Notably, none of the
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Table 2. Molecular rotational diffusion parameters

Diffusion Weighted
parameter oc 10°C 20°C 30°C 40°C 50°C average
D,/D,? 1.34+0.04 1.25+0.04 1.26+0.04 1.23+0.06 1.27+0.10 1.37+0.23 1.27
6 (deg? 85+ 3 71+ 9 80+ 6 85+ 10 95+ 10 61+ 24 83.81
¢ (deg? 182+ 6 186+ 8 176+ 9 191+ 12 205+ 10 180+ 12 185.20
Tm (N9?2 7.00 5.18 4.17 3.22 2.98 2.84 —
Tm (N9)P 7.03 5.19 4.19 3.21 2.94 2.63 —
Nbutrer (MPa$ 1.80 1.34 1.04 0.84 0.70 0.60 —
To/Mbutier” (10°%/Pa) 3.90 3.86 4.02 3.81 4.20 4.42 —

aThese parameters were determined separately frorRiff® ratios at each temperature using the program quadric diffusion.
bTheser, values were determined at each temperature to be optimally consistent with weighted average \Rj|y@s, @ and
¢. These values were used for model-free calculations.

selected residues is in thehelix. For most of these residues, the ues of those determined at the individual temperat(feble 2

elevatedR, /7,y ratios are clearly caused by higt values. How- ~ were used in subsequent calculations along with thevalues

ever, a small number of residués.g., G14 and G4lshow high optimally consistent with thesB,/D,, 6, and ¢ values and the

R>/my values that are apparently caused by bpyvalues. These R,/R; ratios at each temperatuf@able 2. The optimizedr,

residues may experience internal motion that is not accounted foralues correlate well with the calculated buffer viscos$ify,ser) at

in the derivation of Equation 3. each temperaturér? = 0.999 as expected from the Stokes—
The dimensions and orientation of the rotational diffusion tensorEinstein relationship; thus, thg,/npurer ratios (Table 2 are ap-

were estimated from weighted meRp/R; ratios at each temper- proximately constant.

ature for residues not exhibiting large amplitude fast internal mo-

tions or exchange broadenir@jandra et al., 19956 The data for

each temperature were fitted to each of four rotational diffusionModel free dynamics

models: fully anisotropi¢Dyx # Dyy # D,|; prolate axially sym-  Fijye models, described in Materials and methods, were used to
metric[ Dz, (= Dy) > Dx = Dyy (= D1)], oblate axially symmetric  appropriately fit the dynamics parameters to the experimental re-
[Dzz (= Dy) < Dy = Dyy (= D.)], and fully isotropic diffusion  |axation data. Asummary of the models selected is given in Table 3.
[Dyx = Dyy = D|. F-statistical analysis was used to select theThe gptimized dynamics data are displayed in Figure 3 and listed
most appropriate modéTjandra et al., 1996At all temperatures: i, the Supplementary material in the Electronic Appendix.

(1) the improved agreement with the experimental data observed at most temperatures, the regions of the B1 domain that exhibit
for the prolate axially symmetric model relative to the isotropic the |owest order parameters are {8232 type | hairpin turn,
model is statistically significartp < 0.05 (Tjandra et al., 199% including part of the2-strand(residues 10-14and the extended

(2) the improved agreement with the experimental data observeqjop between thex-helix and strang33 (residues 39—41 Inter-

for the fully anisotropic model relative to the prolate axially sym- estingly, all four glycine residues in the B1 domé@9, G14, G38,
metric model is not statistically significafp > 0.05; and(3) the  gpq G4) are located immediately preceding or at the C-terminal
fully anisotropic tensor calculations support the prolate modelgnds of these two flexible regions, suggesting that the glycines
Based omy? comparisons, the prolate axially symmetric model is may act as hinges to allow these regions to move somewhat inde-
superior to the oblate axially symmetric model at all temperatureyendently from the rest of the domain. The order parameters of the
except 50C (Blackledge et al., 1998However, even at 5, x> N. and C-termini are comparable to the weighted average for the

differs by only 6% for these two models, and the diffusion com-\yhole domain, indicating that these regions are unusually rigid. In
ponents for the fully anisotropic model are most consistent with a

prolate tensofD,,: Dy Dyy = 1.34:1.04:]. Based on these con-

siderations, and in the interest of maintaining consistency between
the data sets at each temperature, we chose to analyze all data SeI$)le 3. Model selection statistics
using a prolate axially symmetric diffusion model. Initial estimates
of the effective overall correlation tinfe,, = (2D, + 4D, ) '], the Number of residues fit to
ratio of unique and perpendicular components of the diffusion
tensor(D,/D, ), and the angles defining the position of the unique

0°C 10°C 20°C 30°C 40°C 50°C

axis (# and ¢) are listed in Table 2. As expected, the effective Model 1(S?) 10 17 4 1 0 0
correlation time decreases with increasing temperature. Howeveg,oqe| 2 (2, 1) 18 26 34 33 34 32

the dimensions and orientation of the diffusion tensor change onlyodel 3(s?, R,y 2 0 3 0 0 0
very slightly across the observed temperature range. Since th@odel 4 (S?, 7, R 14 5 8 11 11 16
magnitude of the variation is not much larger than the estimatediodel 5 (S?, &, 7s) 11 5 6 8 4 5
uncertainties, we considered it reasonable to perform subsequent

calculations under the assumption that the param@gf®,, 6, ashown is the number of residues fit to each of the five dynamics

ande are identical at all temperatures. The weighted average valmodels at each temperature.
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Fig. 3. Model-free dynamics parameters plotted vs. residue number at all six temperatures. Data at 0, 10, 20, 30, 4@ aral 50
arranged from top to bottonA: Order parameters on fast and slow timesc&feé®) andS? (0), respectivelyB: Internal correlation
times on fast and slow timescales(®) ands (O), respectivelyC: Conformational exchange termg,. Values and uncertainties for
all parameters are listed in the Supplementary material in the Electronic Appendix. The positiong-sttheds and the-helix are
indicated schematically at the bottom by solid and open rectangles, respectively.

the a-helix (residues 22—-37 order parameters are fairly uniform strand is@,, followed by Bs; the inner twoB-strands of the sheet
and slightly higher than in adjacent regions. Small but systemati¢ 3, and3,) are significantly more rigid.

differences in order parameters are observed between the differentInternal correlation times are required to obtain adequate fits for
strands in thegg-sheet at all temperatures studied. The most flexiblethe majority of residuegTable 3. The 10% trimmed weighted
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average fast internal correlation times) increase with increasing cients (Fig. 5B) exceeded 0.7 for 80% and 0.8 for 62% of NH
temperaturé Table 1. Although a decrease in the rates of internal groups.
motions is at first surprising, it may be correlated with the ob- In the fits used to determine eith€y, or T* values, the lack of
served temperature dependent increases in the amplitudes of thdseearity for residues witl 2 = 0.70 could usually be attributed to
motions (Farrow et al., 199y i.e., larger amplitude motions are the relaxation data having been fit to dynamics modé&déscrib-
generally slower. ing two timescales of internal motionat some temperatures but to
Order parameters and correlation times describing a second timekifferent models at other temperatures. Nevertheless, performing
scale of subnanosecond internal motigmedel 5 are required to  the above fits using the fast timescale order paramé&yrsather
adequately fit the relaxation data for a few resid(#esl] at each  than the generalized order parameters did not generally improve
temperature. Although the selection of residues exhibiting suclthe quality of the fits or significantly alter th&* or C, values
motions is not consistent between temperatures, it is noteworthgbtained(data not shown For the purposes of studying the tem-
that none of these residues is located in the central region of thperature dependence of order parameters, it would be ideal to fit
a-helix (residues 23-36 It has been noted previously thajg each residue to the same dynamics model at all six temperatures.
values should be interpreted with caution because of their limitedHowever, imposing our model selection criteria independently at
precision(Stone et al., 1993; Jin et al., 1998 each temperature resulted in only five residues in the B1 domain
Exchange broadening terms are required to obtain appropriateeing fit to the same model at all temperatures. To investigate the
fits for 5 to 16 residues at each temperat{ifable 3. However, in  degree to which model variation was influencing the quality of the
all cases the exchange parameters are strel2 s') and the  fits observed, we calculate@l, andT* values from dynamics data
residues that require these terms are generally not consistent bie-which all residues were constrained to the same m@debel
tween temperatures. The only residues that exhibit exchange broad} at all temperatures. Model 2 was chosen because it is the most
ening at three or more consecutive temperatures are T11 in the tygeequently selected model at all five temperatu¢@able 3. Al-
| turn and the C-terminal residue, E56. TRRg terms of both these  though this procedure resulted in a noticeable improvement in the
residues increase over the 30 to°B0temperature range. Such an fits (all residues now had? values greater than 0,theC, andT*
increase would be expected if the timescale of exchange kineticgalues calculated from data limited to model 2 showed similar
approaches the timescale of the CPMG refocusing pétiodg as  trends to those found using data calculated from different dynam-
the temperature is increasé®almer et al., 1996 This would ics models at different temperaturésata not shown Further-
suggest that th&®y terms observed for T11 and E56 result from more, limiting all residues to model 2 is somewhat artificial because
motions on a timescale slower than 1 ms. However, an alternativenodel 2 clearly does not appropriately account for the observed
explanation is that the thermally induced change in relative popfelaxation properties of many residues. Therefore, we present here
ulations of the two exchanging states gives rise to the increase ifFig. 5C,D the C, andT* values calculated using variable models
Rex (Palmer et al., 1996 model calculations indicate that the latter at different temperatures, but we omit the data points for which the
mechanism could readily account for the modest increases olfits were nonlinealarbitrarily chosen as? = 0.70.
served in the current study.

Discussion
Temperature dependence of order parameters

Order parameters in the B1 domain decrease as the temp(aratureqsomp‘""rISon with previous dynamics results

increased Fig. 3A; Table 1. The present calculations do not as- We have characterized the internal dynamics of the protein G B1
sume any particular motional model. However, the data may be&lomain at six temperatures. The dynamics of the native B1 domain
arbitrarily represented by the “diffusion in a cone” model, where have been previously characterized by Barchi €t18194) at 26°C.

the order parameter is indicative of the cone semi-afigleari & In general the previous relaxation and dynamics parameters follow
Szabo, 1980, 1981; Clore et al., 1990&he trimmed weighted similar trends to those observed for the present data at 20 and
average cone semi-angles calculated figfrvalues at each tem- 30°C. In particular, the same two regions displayed the lowest
perature are listed in Table 1. The increase of only7° in cone  order parameters. Small differences between the order parameter
semi-angle suggests that the factors restricting the local motions ofalues in the previous and current studies can most likely be at-
most NH groups do not change significantly over the 0250 tributed to either(1) the use of an anisotropic tumbling model in
temperature range. This is consistent with the B1 domain mainthe current study and an isotropic tumbling model in the previous
taining its folded globular structure up to significantly greater thanstudy; (2) different model selection methods; ¢8) the slight
50°C (Gronenborn et al., 1991; Alexander et al., 1992a temperature difference between the two studies.

The temperature variation of the order parameters was analyzed The most significant difference between the current and previ-
according to Equations 5-7 to yield local heat capacits and  ous results is that Barchi et @994 identified the wholex-helix
characteristic temperatur€$*) for each backbone NH vector in as having slow motion&R., termg, whereas we have found these
the B1 domain(Mandel et al., 1996; Yang & Kay, 1996; Yang terms to be very small or absent for helical residues abd¥& 0
et al., 1997. Plots of entropy(Ss) vs. In(T), used to determine Barchi et al. concluded that the-helix undergoes a rigid body
local heat capacitieéEquation 6, were approximately linear for rotational motion relative to the underlying sheet. This conclusion
most residues; examples are shown in Figure 4A. Squared correvas consistent with an-8—10 difference in the relative orienta-
lation coefficients(r ?; Fig. 5A) exceeded 0.7 for 87% and 0.8 for tions of the helix and sheet between the NMR and X-ray structures
66% of residues. Similarly, plots of-1 Sagainst temperature were (Gronenborn et al., 1991; Achari et al., 1992; Gallagher et al.,
approximately linear for most residues over the 02GCange, 1994. In contrast, the current data do not provide evidence for
allowing T* values to be readily determingdEquation 7; exam-  such reorientation. The differences between the hRlixvalues
ples are shown in Figure 4B. Squared linear correlation coeffifound in the present and previous studies can be attributed to the
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Fig. 4. A: Plots of the estimated Boltzmann entrgj8) vs. the natural logarithm of the temperat(ire(T )) for residues Ngm), K28

(O), Y45 (0), and K50(®). Linear least-squares fits of the data are shown agshid line), K28 (dotted ling, Y45 (dashed ling and
K50 (dashed-dotted lineSquared linear correlation coefficierits’) are 0.95N8), 0.96(K28), 0.97(Y45), and 0.99K50). B: Plots

of (1 — S) vs. temperature for residues Nit), K28 (O0), Y45 (0), and K50(®). Linear least-squares fits of the data are shown as N8
(solid line), K28 (dotted ling, Y45 (dashed ling and K50(dashed-dotted line Squared linear correlation coefficier(is?) are 0.91
(N8), 0.95(K28), 0.96(Y45), and 0.99(K50).

use of an anisotropic tumbling model in the present study and adiffusion tensor and the long axis of thehelix are separated by
isotropic model in the previous study. In the current study, NHan angle of~33°, whereas NH groups in th@-sheet make angles
groups in the helix clearly exhibit high transverse relaxation rateof ~60-120 with the unique axisaverage angle- 92°; standard
and consequently higR,/R; ratios(Fig. 2D), as observed in the deviation= 16°). It appears likely that analysis of the data of
previous studyBarchi et al., 1994 If the data are analyzed with Barchi et al. using an anisotropic diffusion model would lead sim-
the assumption that the molecule is tumbling isotropically then thélarly to the elimination or reduction of many of th, terms. A
only way to account for the higR, values is to incorporate an similar effect has been found for anhelix in RNase HKroenke
exchange broadening term for these residues. Alternatively, if aet al., 1998. This comparison emphasizes the importance of ex-
anisotropic diffusion tensor is used, then an elev&gdalue may  periments that allow conformational exchange effects to be distin-
be attributed either to exchange broadening or to orientation of thguished from the effects of anisotropic rotational diffusion.

NH vector along the long axis of the molecule. The cross-relaxation

measurements made in this studig. 2E,P allowed us to dif-
ferentiate between these two effects. We found that Righalues
occur in thea-helix primarily because all the helix NH groups are Several previous NMR relaxation studies have investigated the
aligned relatively closely with the long axis of the molecule, re- temperature dependence of high frequency motions of protein back-
sulting in slower reorientation of these NH vectors compared tabone amide groups. In several of these cdBdmttacharya et al.,
most other NH groups in the molecule. The unique axis of thel999; Bracken et al., 1999; Jin & Liao, 1999; Meekhof & Freund,

Heat capacities and characteristic temperatures
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Fig. 5. Squared correlation coefficients?) of the linear fits used to determir{@) C, values andB) T* values for each residue.
(C) Plot of heat capacityC,) vs. residue numbe¢D) Plot of characteristic temperatuf€*) vs. residue numbe€, andT* are shown
only for the residues for which? exceeds 0.70. The positions of fhestrands and the-helix are indicated schematically at the bottom
by solid and open rectangles, respectively.

1999, the data could not be fit to the model free formalism over tropy of each NH group at each temperature and the temperature
the temperature ranges studied, either because the protein of imariation of the entropy was used to calculate the local heat ca-
terest was largely unstructured or because the dynamics were mopacity (C,). We have analyzed the B1 domain data using both of
complex than the model free formalism allows. For these proteinsthe previously suggested methods to allow quantitative compari-
the data were usually analyzed by the reduced spectral densigon of the present dat&ig. 5) to those observed for other globular
mapping approactiFarrow et al., 1996 For the dimer of the proteins.

coiled coil transcription factor GCN4, the variation of the high  Heat capacity and characteristic temperature statisti¢s éheet,
frequency spectral densiff0.87w) with temperature was fitto a  a-helix, and other residues in the B1 domain are listed in Table 4,
straight line; the slope was positive for the unstructured basi@long with comparative data for other proteifidandel et al.,
region but close to zero for the structured helical region of thel996; Yang et al., 1997; Evenas et al., 1298/ithin the B1 do-
protein (Bracken et al., 1999 The current data are somewhat main there is only a weak influence of secondary structure on the
unusual in that the model-free approach fits the relaxation datéocal heat capacity. In contrast, the previous studies of the E140Q
well over the large range of temperatures used. This may be aalmodulin domain and RNase H have found flexible structures to
reflection of the high thermal stability of the B1 domain and the have significantly higher heat capacitiéx lower characteristic
absence of significant slow timescale motions over the 0650 temperaturgsthan regular secondary structures. Tg(or T*)
temperature range. We know of three previous studies focusing omalues of B1 domain residues not located in thdelix or the

the variation of NH group order parameters with temperatiian- B-sheet are generally similar to those for comparable regions of
del et al., 1996; Yang et al., 1997; Evenas et al., 1998r RNase  other folded proteins and to the values obtained for unfolded pro-
H (Mandel et al., 1995 the variation was described in terms of a teins. In contrast, the secondary structure regions of the B1 domain
characteristic temperatuf@*) for each NH groupT* is a mea-  have substantially higher heat capacities than the secondary struc-
sure of the density of energy states accessible to the NH groufures of the calmodulin domain mutant and dramatically lower
upon an increase in temperatyirethe temperature range studjed characteristic temperatures than the secondary structure regions of
Thus, if T*/T = 1 a temperature increase allows access to manyRNase H. This indicates that the motions of NH groups in the
additional conformational states, wherea3 ff/T > 1 few addi-  secondary structures of the B1 domain undergo substantially greater
tional states are accessible upon a temperature increase. For timereases in flexibility in response to temperature than correspond-
unfolded states of a staphylococcal nuclease mutet21 A) and ing groups in the other two proteins.

the N-terminal SH3 domain of drkvang et al., 199yand for the We have also searched for correlations between the backbone
folded E140Q mutant of the calmodulin C-terminal domd@rends  heat capacities for B1 domain residues and other structural param-
et al., 1999, the order parameters were used to estimate the ereters. TheC, and T* values do not correlate with the solvent



Backbone heat capacity and protein stability 1187

Table 4. Comparison of gand T* for the B1 domain and other proteins

Temperatures C T*

P
Protein (°C) Structural element (J/mol-K -residue (K)2 References
B1 domain 0, 10, 20, 30, 40, 50 All residues ae 596 (201
All residues(10% trimmed 45(12) 584 (125
B-Sheet 4917) 573 (265
a-Helix 47 (10) 652 (160)
Other residues 3713 573 (157
RNase H 12, 27, 37 Secondary structures ~3,700 Mandel et al(1996
Flexible regions ~400 to~900
Calmodulin domain E140Q mutant 18, 28, 35 Secondary structures ~0-15 Evenas et al1999
Linker (loop) ~20
Termini ~40
Drk SH3 domain(guanidine denatured 5, 14, 30 All residues 3410 Yang et al.(1997)
A131AS nucleasépartially unfolded 15, 32 All residues 5917) Yang et al.(1997)

aShown are the average values of theand T* values, with standard deviations given in parentheses.

accessible surface ar€8ASA) of the NH groups, the absolute or Influence of heat capacity on thermal stability

: . . 15 :
relative SA.S.A of the whole amino acid, or tﬁbl or - N.t(_amper The high backbone heat capacities of the B1 domain secondary
ature coefficients calculated from the chemical shifts; in all cases

. . structural elements may contribute to the difference in thermal
these correlations have values less than 0.2. In the region from denaturation temperaturés,) of the B1 domain87°C) (Alex-
residue~15 to ~27, alternate residues display increasing and P m

decreasing, or T* values, whereas residues27 to ~37 display i\gggr ?:leal-i-' 1::3 a%rrginRNt?é?ml—(()zéini)rﬁllzlllgfn tﬁeMéI{?lgsg%al-
a periodicity of three to four residues. Although this pattern ini- ' m 9 y

. — ) . modulin domain have not been reported. The thermal stability
tially seems to indicate a change frg8rstrand toa-helix period- ) . -

. . - .profiles of the B1 domain and RNase H are shown in Figure 6
icity, the transition occurs around residue 27, whereas the heli

begins at residue 22, and tlig andT* values in these regions do Alexander et a_I., 1992a; _Ho_lllen & Marqu_see, 19.93Ith_oug_h
- ? . these two proteins have similar free energies of unfolding in the
not correlate with surface exposure of NH groups or side chains

From a structural viewpoint, NH groups with high heat CapaC_O—SO"C temperature range, their stabilities differ significantly at
ities or low characteristic temperatures are likely to have relatively
few interactions restricting their flexibility; thus, a temperature
increase would readily overcome these interactions allowing ac- 40
cess to a wide range of conformations. Therefore, the current data
suggest that the motions of NH groups in the B1 domain secondary
structures are limited by a small number of interactions in com-
parison to NH groups in the structured regions of the calmodulin
domain and RNase KMandel et al., 1996; Evenas et al., 1999 20
possible trivial explanation of our observation is that the current
study covers a much wider temperature rari§@°C) than the
previous studiesmaximum previous range was 25 for RNase NU 10
H) and that the variation of order parameters is accentuated by thg(‘”mm)
inclusion of data for the more extreme temperatures. Arguing against

30

B1 Domain

this explanation are the observations ttlhtheat capacity values 0

calculated using only 10—-3C data are not systematically differ-

ent from those calculated from data at all six temperatures; and -10 .
(2) plots used to determin€, or T* were approximately linear RNaseH \ B1 Domain
over the whole 50C temperature rang€-ig. 4). An alternative 2 AC,=3.7

possibility is that the mobility of NH groups in the regular struc-
tural elements of the B1 domain is more sensitive to temperature
because the core of the B1 domain is smaller than those of the
other proteins. The B1 domaln, cglmodulln d(?ma'n' and RNase Hig. 6. Comparison of the thermal stability profiles for RNase H and the
have 56, 71, and 152 amino acids, respectively, and folding oB1 domain. Solid lines correspond to the experimental valaésander
these domains is estimated to bu,900,~5,600, and~15,400 R et al., 1992a; Hollien & Marqusee, 1999 he dotted line is the simulated
of protein surface area, respectively. Thus, the size difference seerfi@pility profile of the B1 domain with the heat capacity change upon

. . folding (AC, n—u) increased from 2.9 to 3.7 kdhol K but the enthalpy
adequate to account for the observed heat capacity differences §Ed entropy changes af@ (the temperature of maximum stabilityept

the B1 domain from RNase H, but is unlikely to account for the same as the experimental values. These curves were generated accord-
differences from the calmodulin domain. ing to Equation 1.

0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)
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higher and lower temperatures due to the dramatically differenB1 domain secondary and tertiary structure gives rise to favorable
curvature of the stability profiles. This curvature difference is ainteractions such as hydrogen bonds and hydrophobic contacts that
consequence of the different heat capacities of unfolieg Equa- compensate for the loss of entropy; these interactions appear to be
tion 1; AC,n—u = 2.9 kI¥molK for the B1 domain and 11.3 achievable without compete rigidification of the backbone. On the
kJ/mol K for RNase H. The dominant contribution taCp, n_y iS other hand, inclusion of flexible surface loops or terminal regions
expected to be exposure of hydrophobic surfaces upon unfolding proteins is generally not compensated by the formation of such
(Alexander et al., 1992a; Fersht, 199%hus, the 3.9-fold differ- favorable interactions so these regions tend to reduce the stability
ence between th&C, \_y values for the B1 domain and RNase H of the native structure.
primarily reflects the threefold difference in buried, nonpolar sur- Previously, it has been suggested that thermostable proteins have
face area of the two proteirfs-2,900 and~8,700 &, respective-  “anomalous rigidity”(Daniel et al., 1996; Jaenicke, 1996; Cowan,
ly). Nevertheless, an additional contributiomiG,, y—y may come  1997). This contention appears in stark contrast to the present
from any changes in the conformational heat capacity of the proproposal thatat least in certain casethey may have unusually
tein chain that occur upon unfoldingsomez et al., 1995 The high flexibility at high temperatures. The proposal that thermosta-
current results indicate that the backbone heat capacity in secontie proteins are unusually rigid is based primarily on the observa-
ary structure regions of the native B1 domain is higher than theions of low hydrogen-deuteriuiiH-D) exchange rate@Vagner &
heat capacity for comparable regions of RNase H and the E140@/uthrich, 1979 and low protease susceptibilityaenicke, 1996
calmodulin domain. Thus, the contributionA€, n—y from back-  of some thermostable proteins relative to their mesophilic analogs.
bone conformational fluctuations of the B1 domain is smaller thanHowever, the latter observations do not provide a reliable reflec-
would be expected if th€, values were similar to those in RNase tion of the small amplitude structural fluctuations that are detect-
H and the calmodulin domain. A rough estimate of the differenceable by the methods used in the present study. Both H-D exchange
(~20 Ymol K residug implies that the total heat capacity of the and protease susceptibility are likely to be dramatically enhanced
native B1 domain would be-0.8 k¥mol K lower if the secondary  (by several orders of magnitudie unfolded or partially unfolded
structureC, values were similar to those in the other proteins; thisstates relative to the native state. Therefore, measurements of these
estimate assumes that NH group motions of different residues anates for apparently native proteins actually reflect the exchange
independent. This estimated change would incresSgy_y to rates in these nonnative states and the small proportion of time that
~3.7 k¥mol K, increasing the curvature of the stability profile and the protein spends in these stat@¥agner & Wuthrich, 1979;
decreasing the denaturation temperature-ByC, as illustrated by ~ Milne et al., 1998. Slower rates for more stable proteins are a
the dotted curve in Figure 6. Note that a change of similar magconsequence of the smaller amount of time that the protein spends
nitude (on a per residue basidut in the opposite direction for in the nonnative states, which is directly related to its thermal
RNase H would result in only a5°C increase irl,, because of  stability. Thus, it should be no surprise that higher stability corre-
the steeper slope of the stability profile near The(Fig. 6). Thus,  lates with lower H-D exchange or protease cleavage rates but these
variations in conformational heat capacity are most likely to havemeasurements should not be interpreted as reflecting increased
a noticeable influence on the denaturation temperatures of smadimall amplitude fluctuations of the folded state. In contrast, the
proteins. relaxation properties of NH groups in native proteins are domi-
The current analysis indicates that an increase in the conformazated by such fluctuations in the native state. Therefore, these
tional heat capacity of backbone groups, manifested as an increaselaxation methods provide a reliable approach to assessing native
in the temperature sensitivity of backbone motions, may contributestate flexibility.
a measurable amount to the high temperature stability of certain
proteins. Intuitively, this effect may be understood by ConSideringConcluding remarks
the temperature dependence of the backbone entropy. The rela-
tively high heat capacities observed in the B1 domain indicate thaThe data presented here indicate that NH groups in the ordered
secondary structure regions of this domain undergo relatively largsecondary structure regions of the B1 domain make larger contri-
increases in entropy upon an increase in temperature as comparbdtions to conformational heat capacity than those in similar re-
with secondary structure regions of some other proteins. The highagions of the two other proteins studied by these methods to date.
entropy lowers the free energy of the native B1 domain, thusThe difference is estimated to contribute up+8°C to the ther-
stabilizing the native structure at high temperatures. To our knowlimal denaturation temperature of the B1 domain. Thus, regulation
edge, this strategy for stabilization of thermophilic proteins has noof the backbone heat capacity of the native form of a protein
been proposed previously. A large number of other mechanisms faxppears to be a previously unrecognized mechanism to control the
stabilization of such proteins have been considered, includingtability of thermostable proteins. This mechanism is expected to
(Cowan, 1997. increasing intramolecular packing; increasing hy- be most effective for small proteins whose total heat capacity is
drogen bonds, salt bridges, and surface charge networks; increasmall resulting in relatively low curvature of their stability profiles
ing helix-forming amino acids; stabilization of helix dipoles; removal (Fig. 6). However, it is important to recognize that this effect is
of flexible regions(surface loops and terminiand insertion of  subtle and exists within the background of many other contribu-
proline residues to limit the entropy of the unfolded state. tions to protein stability. Thus, separation of the backbone entropy
The present proposal that backbone entropy can stabilize thterm from other terms is only possible through the use of methods,
folded state appears at first to contradict the previous observatiosuch as>N NMR relaxation, that are selectively sensitive to back-
that removal of flexible regions can promote thermal stabilizationbone motions. Recent studies have indicated that increases in pro-
of some proteingRice et al., 1996; Cowan, 199MHowever, both  tein conformational entropy upon ligand binding may help to
in the case of the B1 domain and of flexible regions in otherstabilize protein—ligand complexd&arrow et al., 1994; Stivers
proteins, the entropy of these regions is lower in the native statet al., 1996; Yu et al., 1996; Zidek et al., 1999aken together
than in the unfolded state. The difference is that formation of thewith the present results, these studies suggest that regulation of
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protein entropy may be a rather widespread, albeit subtle, mectheteronucleaf*H}—°N NOE were each measured using published

anism contributing to a variety of biochemical equilibrium processes2D *H-15N HSQC-style pulse sequencéBarrow et al., 1994;
Kroenke et al., 1998 For R, and R, experiments, the relaxation
delay  was varied among eight different values; experiments at

Materials and methods four of these values were duplicated to allow estimation of peak
height uncertainties. Delay values used were 11* 55, 133,
Protein expression and purification 233*, 377, 555*%, 888, and 1,998* ms for th® experiment and

. . . 7= 17* 33, 67* 100, 150, 200*, 283, and 383* ms for tRe
All experiments used the B1 domain containing the T2Q mUtat'onexperiment; asterisks indicate duplicated points. Rorand R,
that prevents processing of the N-terminal methionine residue;

i . e ) experiments, the recycle delay was 2 s. Four identical pairs of
expression of wild-type protein yields a mixture of processed anqu}_lsN NOE experiments were recorded at each temperature. In
unprocessed materié®mith et al., 199% Uniformly 5N-labeled

) = o 8 one experiment of each pair, protons were saturated throughout the
B1 domalp was expressed lscherichia c_ollusmg_ an expression g ¢ recycle delay by application of 12@ulises(field strength
vector derived from pETl(lNovagen, Madison, Wlscor!s)|(Sm|th 10 kH2) spaced 5 ms apart; in the other experimens srecycle
et al,, 1994. BL21(DE3) E. coli cells transformed with the ex- yo1ay was used without proton saturation. In theory, NOE values
pression vector were grown in minimal medgtone et al., 1995 measured in this way may contain a small systematic error due to
containing 3.0 gL glucose, 0.5 gL °NH,CI, and 0.5 gL

5 . A . chemical exchange with saturated solvent protons during the ex-
(P°NH,),SO, at 37°C to an optical density550 nm of ~0.8.  joriment withoutH saturation(Kay et al., 1989; Clore et al.,
IsopropylB-p-thiogalactopyranoside was added to a final concen-1990a: Stone et al., 1992Assuming a watef; of 4.5 s(Stone

tration of 1 mM and growth was continued for 4 h. Cells were o 5 “1993 up to 20% water saturation, and an amide exchange
collected by _cenFrlfugatlon, suspended in 20 mM Tris, pH 8, andrate of greater than-1 s™1, this effect will result in a systematic

lysed by sonication. Phenylmethylsulfonyl fluoridBMSF) was i, crease of up to 7% in the apparent NOE; smaller increases wil
added to a final concentration of 1 mM, cells were warmed 10,0, if the N—H group is protected from exchange with solvent.

80°C in a water bath for 5 min, and the PMSF concentration WaS\iodel calculations showed that the effect of this systematic error

increased to 2 mM. The mixture was stirred for 30 min then cen-gn dynamics parameters is negligible. TH& transverse cross-

trifuged for 30 min at 12,000 rpm. The supernatant was treateqq|ayation rate constarity,,) was recorded using the pulse se-
with poly(ethyleneiming (final concentration 0.4%o precipitate quence of Kroenke et al(1998 in which antiphase!*N

nucleic acids and pa;sed through a 0r filter the_n Iqaded onFo magnetization2N,H,) is created and allowed to cross-relax with

a 15Q-Sepharose anion exch_ange collgﬁfnarmaua B'OteCh’ Pis- in-phase(N,) magnetization for a time.. The component that
cataway,'New Jerséepre-nghbrated with 20 'mM Tris, pH 8, and converted to Iy and the component that remained as/dwere
eluted with a NaCl gradient. The B1 domain eluted at 200 MM yetacted in consecutively recorded experiments at each of six dif-
NaCl and was further purified by size exclusion chromatographyferem delay values; experiments at three of these values were

using a HiLoad 1660 Superdex 75 columiPharmacia Bioteoh g jicated to allow uncertainties to be estimated. Delays used were
The protein concentratllon \iv?s determined by absorbange at 230 nm_ 22*, 43, 65*, 76, 98, and 109* ms; asterisks indicate dupli-
(€280 = 9,530 Lmol*cm™" calculated from the amino acid 164 points. The recycle delay was 1.5 s. Three-dimensional
sequence TOCSY-HSQC and NOESY-HSQC experiments, for resonance as-
signments, were recorded at 0, 20, andG@ising published pulse
sequence&Zhang et al., 1994with mixing times of 52 and 100 ms,
respectively. TOCSY transfer was achieved using a DIPSI-2rc iso-
NMR experiments were performed using a sample of 2.7 mMtropic mixing sequencéCavanagh & Rance, 1992Both experi-
uniformly 15N-labeled B1 domain dissolved in 50 mM phosphate, ments were performed using 96, 32, and 2,048 complex points
0.02% NaN, H,0/D,0 (90/10), pH 5.2.R, andR, experiments at  and spectral widths of 6,000, 2,000, and 7,000 Hz indh¢*H),
50°C were repeated using a 0.9 mM sample in the same bufferw, (**N), andws (*Hy) dimensions, respectively, four transients
Experiments were performed on a Varian UnityINOVA 500 MHz per FID and a recycle delay of 1.5 s. Approximate times required
NMR spectrometer equipped with three radiofrequency channeldpr recording the data at each temperature were 28, 17 h
pulsed field gradients, and H-detect triple resonancéHCN) (Rp), 31 h(NOE), 20 h(ny,), 26 h(TOCSY-HSQQ, and 26.5 h
probe. The probe temperature was calibrated using external statNOESY-HSQQ.
dards of neat methan@0—20°C) or ethylene glycol30-50°C).
Chemical shifts were referenced to the 0 ppm proton signal of a
external DSS standar@Vishart et al., 1996

Except where otherwise noted, all experiments were recorded &iMR data were processed using Felix(@Bolecular Simulations,
each of six temperatures: 0, 10, 20, 30, 40, and&0The *H Inc., Burlington, Massachusektsunning on Silicon Graphics 02
carrier was placed on the water resonance and®Kecarrier was ~ workstations. All spectra were processed using 2—-3 Hz line broad-
placed at 120 ppm. Experiments were performed using gradiergning in the direct dimension, cosine bell window functions in
sensitivity enhancemeriKay et al., 1992, and *>N decoupling  indirect dimensions, a lowpass filter to suppress the solvent signal,
was performed during acquisition using a 1.25 kHz GARP se-and polynomial baseline correction. Intensitibgights of peaks
quence. All two-dimensional2D) experiments were performed in the 2D spectra were measured using macros provided with the
using 128 and 2,048 complex points and spectral widths of 2,000/odelfree 3.1 prograniPalmer et al., 1991 modified slightly to
and 7,000 Hz in**N and *H dimensions, respectively, and eight be compatible with Felix 95. In the case of doublet peaks, exhib-
transients per FID. Thé®N longitudinal relaxation rate constant iting resolvedH-'H couplings, the intensity was taken as the
(Ry), the 15N transverse relaxation rate constdf), and the average of the peak heights measured separately for each compo-

NMR measurements

rbetermination of relaxation parameters
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nent. Uncertainties in peak heights were estimated from the du-170 ppm is the chemical shift anisotro@SA) of *>N nuclei in

plicate experiments. For time points that were repeated ifkthe

helical polypeptide chaingTjandra et al., 1996 u, is the perme-

R., andn,, experiments, the differences in peak heights betweerability of vacuum;h is Planck’s constantyy andyy are the gyro-

the duplicate spectra were determined. The absolute uncertainty
the peak heightéassumed to be the same for all peakas taken
to be the standard deviation of the differences divided/ByFor

imagnetic ratios ofH and *°N, respectivelyyryy = 1.02 A is the
length of the amide bond vectgs;is the angle between the unique
axis of the CSA and dipolar tensof20-24 for an NH group

other time points in these experiments, the absolute uncertainty iparticipating in a peptide bontHiyama et al., 1988; P,(x) =
the peak heights was determined by linear interpolation betweefBx? — 1)/2; andRwis the contribution td=, of conformational or

the duplicated point$3; andR, values were obtained from weighted

chemical exchange on the microsecond—-millisecond timescale

fits of the intensity as a function of the relaxation time to a single (Palmer et al., 1996 In the absence of aR., contribution, the
exponential function decaying to zero. The transverse crossspectral density terms in Equation 3 cancel and the ratio is ex-

relaxation rate constamt, was obtained from a weighted fit of the
intensityl () as a function of the relaxation timeto the equation
(Kroenke et al., 1998

lcross/lauto = tank(nxyq') )
in which 7 is the relaxation period, and,.ssandl . are the peak
heights in the experiments detecting eand 2,S, coherences,
respectively. The relative uncertainty in the ratiQsy/lauo Was
taken to be the sum of the relative uncertainties.igssand| o

pected to be approximately constant for all NH groups, as long as
vy, Ao, @andpB do not vary significantly. NH groups, whose trans-
verse relaxation rates include &, contribution, will display
significantly increasedR,/7,, ratios. Although the method used
here yields only a qualitative indication of residues wWRfy con-
tributions, it has the advantages over alternative met(®egper-

ski et al., 1993; Farrow et al., 1995; Peng & Wagner, 1995; Phan
etal., 1996; Akke et al., 1998; Kroenke et al., 1988t it requires
only a single relaxation parametey,,) to be measured at a single
field strength, data collection is achieved in a comparable time

Steady-state NOEs were calculated from the ratios of the crossp the other relaxation measuremefts20 h at each temperature

peak heights in the presendeg,y) and the absendg,sa) Of proton
saturation during the recycle del@OE = ls,/l nsad- The NOE

in the present studyand analysis of the data is straightforward.
For the model-free fits described below, the shape and orientation

for each NH group at each temperature was calculated separatedf the diffusion tensor were kept constant for all temperat(ses
from each of the four repeated pairs of experiments. The NOE waResults.

taken to be the average of the four measurements. Using the stan-
dard deviation of the four measurements as the NOE uncertainty _ _
would result in severe underestimation of the true uncertainty foiCalculation of model-free dynamics parameters

several residues and therefore to unrealistic weighting of the NOEe R, R,

and NOE are dependent on the spectral denslties

in subsequent model-free dynamics calculations. Thus, we havgt five frequenciedLipari & Szabo, 1982a The R, may also
made the assumption that the absolute uncertainty in the NOE iﬁ\clude a contributior{R.,) from conformational exchange on the
the same for all residues at a given temperature. This uncertain%icrosecond—milIisecond timescal@almer et al., 1996 In the

was then taken as the average of the standard deviation valu%§jrrent study;

determined separately for each residue from the four data sets.

Estimation of the molecular diffusion tensor and
identification of residues undergoing slow exchange

An initial estimate of the dimensions and orientation of the diffu-
sion tensor at each temperature was obtained from the ratf6hl of
R, andR; values. The fitting procedure has been described prev

ously (Tjandra et al., 1996and was implemented as a systematic
grid search in the program quadric diffusion, provided by Dr. A.G.

Palmer Il (Columbia University, New York Residues with large
amplitude fast internal motiondNOE = 0.3) were excluded from

the calculation. Among the remaining residues, those with signif-

icant conformational exchange on the microsecond-millisecon

timescale were also excluded, based on the criterion that their
R./ny values exceeded the average ratio at that temperature by
more than one standard deviation. This criterion is based upon the
following relationship that was derived under the assumption that

R, is dominated by low frequency spectral densifies., 4(0) +
3J(wy) > Jwy — wn) + 6)(wy) + 6)(wy + wy)] (Fushman &
Cowburn, 1998

(d%/8 + ¢%/6)[4J(0) + 3J(wn)] + Rex
(—V3/6)cdPy(cosB)[4J(0) + 33 (wn)]

Rz/nxy ~ 3

In Equation 3J(w) is the spectral density function at frequengy
¢ = (on/V3) (Ac) andd = [ wohynyn/(872)] < (1/rnn)*>; Ao =

the relaxation parameters were fitted to extended
versions of the Lipari—-Szabo model-free dynamics formalisiperi

& Szabo, 1982a, 1982bin which the spectral density(w) is
defined as a function of the rotational diffusion tensor for the
whole molecule and three or fewer internal dynamics parameters
for each NH group. Substitution dffw) into the expressions for
the relaxation parameters allows the three measured relaxation

iparameters to be written as functions of the same dynamics vari-

ables; thus, nonlinear fitting allows the dynamics parameters to be
calculated that agree most closely with the measured relaxation
parameters. The models used here incorporated an axially sym-
metric diffusion tensofBarbato et al., 1992and, in some cases,
two timescales of internal motionElore et al., 1990a, 1990b

he models are described by the following general equaBam-

ato et al., 199Ror simplified versions thereof:

3

£
]

=1

2

7(1-$5)
J(w) = s

1+ (w’rj’)2

2

Aj S5 Tm (4)
1+ (w7y)?

in which S? = S252 is the square of the generalized order param-
eter characterizing the amplitude of the internal motidisand
S2 are the squares of the order parameters for internal motions on
the specific timescales described below for each mosdgl=
(2D, + 4D,) "t is the effective overall correlation time; = 7j7¢/
(7 + 7¢); Te Is the effective internal correlation time for motions on
the timescale described below for each modglk = 6D, ; 7, *
5D, + Dy; 731 =2D, + 4D,; D, andD, are the diffusion constants
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for rotation around the unique and perpendicular axes, respedn-a-cone model of NH group motions under the assumption that

tively; Ay = (3cog0 — 1)%/4; A, = 3sirPdcos’h; Az = the motions of individual NH groups are independent of each

(3/4)sin*#; and@ is the angle between the N-H bond vector and other. The local heat capacity for each NH group was then calcu-

the unique axis of the principal frame of the diffusion tensor.  lated as the slope of a linear fit of entropy vs. the natural logarithm
Five different models were used to characterize the internabf the temperaturéYang et al., 1997; Evenas et al., 19%&cord-

dynamics of N—H groups, the most complex of which is shown ining to the equation:

Equation 4. Fitting the relaxation data to each model requires

optimization of one or more of the following internal motional

parametersS?, S2, 7, andRe,. Model 1(Lipari & Szabo, 1982a, C. = dS .

1982h describes NH groups exhibiting only a single very fast P dIn(T)

timescale(<20 p9 of internal motion.S? is optimized and is

redgfined a_§2, the square of the order parameter for fast internalypq characteristic temperatuf&*) for each NH group, indicating

motions. It is assumed thag ~ 1,7¢~ 0, andRex~ 0. Model 2 e gensity of energy states accessible upon an increase in tem-

(Lipari & Szabo, 1982a, 1982hs equivalent to model 1 chept perature, was calculated from the slope of a linear fitlof S) vs.

thatr, (redefined asy) is now in the timescale-20-500 ps§'and  tgmperature according to the equatidtandel et al., 1996

7; are optimized; the assumptions tfa¢ ~ 1 andR., ~ O are

retained. Models 3 and 4 are equivalent to models 1 and 2, respec-

tively, except that th&.,term is now optimized in addition to the 3 di1-y9

other parameter&lore et al., 1990a; Palmer et al., 1991; Stone o dT @)

et al.,, 1992. Finally, model 5(Clore et al., 1990a, 1990kde-

scribes internal motions on two timescales faster than the overall . . )

correlation time.S2 is redefined ass?, the square of the order Which was derived under the assumption that the NH groups un-

parameter for very fast internal motiofessumed to be faster than dergo only small excursions within an axially symmetric parabolic

~20 pg, S is redefined as?, the square of the order parameter Potential. _
for internal motions slower thar500 ps, and- is redefined ass, Solvent accessible surface af8&ASA) measurements were made

the timescale for slower internal motioliss = 500 p3. Recis ~ USING the program NACCESSS.J. Hubbard & JM. Thornton,

assumed to be zero. This model is described by Equation 4 iiyniversity College, London
which S?, S2, andr, are substituted b$§?, S2, andrs, respectively.

Model-free calculations were performed using the program Mod- o ) )
elfree version 4.0, provided by A.G. Palmer (Columbia Uni-  SuPplementary material in the Electronic Appendix

versity, New YorK. Model selection for each residue was performed sjy tables containing relaxation dat®y, R,, NOE, andn,,) at 0,
according to the flowchart outlined by Mandel et d995. This 10, 20, 30, 40, and 51, and six tables containing model-free data
procedure identified models to adequately describe the relaxations2 52, 7., andR, at 0, 10, 20, 30, 40, and 5G.

data for 49-52 residues at each temperature. To utilize all mea-

sured relaxation parameters, N—H groups that were excluded by

the model selection flowchart were fit to the three-parameter mOdeAcknowledgments

(model 4 or 5 yielding the lower y? value. If the calculated

parameters allowed for a simplification of the three-parameter moderhe authors thank Drs. Arthur G. Palmer (Columbia University, Mark
(e.9., Rex = 0), then the simplified modele.g., model 2 was Rance(University of Cincinnati, and Mikael Akke(Lund University for

. . - ._many helpful discussions and for providing data processing programs and
chosen. This alternative model selection procedure was requwe@rs.yRanfe and Lewis E. Ka@UniVSrsity ofgrorontgfor provigigg gulse

for only four residues at @ (two fit to model 3 and two fit to  programs. This work was supported by grants from the National Science
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20°C (three fit to model 3 and one fit to mode)lawo residues at from the National Institutes of HealttGM-55055 to M. Stone and GM-
30°C (one fit to model 1 and one fit to mode),5no residues at 57265 to L.R). Acknowledgment is made to the donors of The Petroleum

o . . - Research Fund, administered by the American Chemical Society, for partial
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