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Abstract: SN relaxation dispersion NMR spectroscopy has been used to study exchange dynamics in a
pair of mutants of Rd-apocyt bss;, a redesigned four-helix-bundle protein. An analysis of the relaxation
data over a range of temperatures establishes that exchange in both proteins is best modeled as two-state
and that it derives from the folding/unfolding transition. These results are in accord with predictions based
on the reaction coordinate for the folding of the protein determined from native-state hydrogen exchange
data [Chu, R.; Pei, W.; Takei, J.; Bai, Y. Biochemistry 2002, 41, 7998—8003]. The kinetics and
thermodynamics of the folding transition have been characterized in detail. Although only a narrow range
of temperatures could be examined, it is clear that the folding rate temperature profile is distinctly non-
Arrhenius for both mutants, with the folding barrier for at least one of them entropic.

Introduction extracted from relaxation dispersion profif¢sMost important,
the methodology is sensitive to the presence of even a small
amount (on the order of 0.5%) of a secondary ‘excited’ state,
so that valuable kinetic and structural information can be
obtained on systems under native conditi&ng? In many cases
such systems cannot be studied using other experimental
techniques. One such example involves the folding of G48
mutants of the Fyn SH3 domain that proceeds via low-populated
intermediated? In a series of NMR experiments performed at
. ) multiple magnetic field strengths and at different temperatures
(lalxlpzerlmelnts lag;nd th? recl:ently dgveloped am'?f (_jouble_-, Z€M0%he kinetics and the energetics of the folding processes of a pair
*2and *H—"N or 'H—1*C multiple-quanturh'* dispersion of mutational variants of Fyn SH3 have been characterized,

schemes. These experiments measure the contribution toalong with a qualitative determination of the structures of the

transverse relaxation rates from the exchange of nuclei bem’eer\ntermediates from the extracted chemical shift informatfon.
different chemical environments associated with the exchanging In this study, we have usedN relaxation dispersion NMR

g?pectroscopy to study an exchange process occurring in two
®mutational variants of an engineered apocytochrobge
molecule under native conditioR$Cytochromebse; is a four-

NMR spectroscopy offers the unique possibility to study
protein dynamics at atomic resolution over a broad range of
time scales and to relate motion to functiort. Of particular
relevance to the work presented here, conformational exchange
processes occurring in a protein on the microsecond to milli-
second time scale can be probed using a set of relaxation
dispersion experiments. These include backBeg H,5 13Ce 7
and side-chain methy£C8° and 15N (NHy)° single quantum

and the chemical shift differences between states can be
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helix is not formed*25Thus, addition of mutations in the other
A helices that are reportedly structured in the native and in the
PUF1/PUF2 states should destabilize all three, Figure 1, without
affecting the unfolded ensemble. In the present study two
mutational variants of Rd-apocyiss; were designed which
destabilize both PUFs and the native state. The prediction is
that the free energies of PUF1/PUF2 would now exceed that of
the unfolded state so that both PUFs become selectively
depopulated and the mutated proteins would therefore fold in a
N FB1A/A90G two-state manner. We show here that, in fact, this is the case,
providing strong support of the published model of folding of
Rd-apocythse,24 In addition, temperature-dependent studies of
[l B w2 pOCYL 02 the folding and unfolding rates of the mutants have allowed
''m the separation of free energy changes into enthalpic and entropic
components and provided qualitative estimates for the heat
capacity changes that accompany folding.
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Materials and Methods

. Protein Production. **N-Labeled mutants, F61A/A90G and F61A/

»- I72A, of Rd-apocytbss, were prepared as described previo8if.
Degree of folding Samples were-1.5 mM in protein, 50 mM NaAak, pH 4.8.

Figure 1. Free energy diagram of the folding pathway for Rd-apduy4 NMR Spectroscopy.All data sets were recorded on Varian Inova

(redesigned apocytochronbgs, with increased stability over the wild-type 500 and 800 MHz spectrometers with room-temperature probeheads.

apo-form, apocybsez) and its F6LA/A90G mutant. The relative energies  The chemical exchange contribution to the transverse relaxation rate

of U, PUF1, PUF2, N(folded, native state of Rd-apocigs,) have been of 1N spins was determined from a set of GaRurcell-Meiboom-

established by native-state hydrogen exchange experithantsthe stability . . - .
of apocytbss, reported by Fuentes et #.N refers to the folded state of Gill (CPMG) relaxation dispersion spectfdrecorded at 500 and 800

Rd-apocytbssz with the F6LA/A90G double mutation. Al free energies MHz (*H frequency), as described in previous studfes. Peak
listed are relative to that of the unfolded state, U. The double mutation intensities,|(vcemc), were obtained from a series of 14 2EN—H
(F61A/A90G shown here, or F61A/172A) destabilizes PUF1, PUF2, and correlation maps, measured with values of the CPMG field strength,
N’ states of Rd-apocyiss. significantly (free energy increases by kcal/ vepMa fanging from 41.7 to 1000 Hz with constant time relaxation
o), Wl he U sat s unperuboc a5 el b 1 Vel WS ey, T of efther 40 or 43 ms. Two dupicate pans for cach
than the unfolded state, and the protein folds in a two-state like manner. Fjlsper§!on SEries were recprded for error analysis. In addition, r_eference
intensities [(0) were obtained from a spectrum recorded with the

. . . - constant relaxation time element removed. Each data set comprised 64
helix unfolds, while the other three helices remain infdc « 512 complex points (500 MHz) or 82 768 complex points (800

quintuple mutant (M?W/K98I_/N99R/H1(_)2N/R106G) of apo- MHz) and [R, F2] spectral widths of [1113 Hz, 8000 Hz] (at 500 MHz)
cytochromebsg, has been designed that is more stable than the o 11783, 11942 Hz] (at 800 MHz) were employed. Eight scans were
apo wild type, AAGunfording = 3.2 kcal/mol, and the folding  recorded per FID with a relaxation delay of 2.0 s. Dispersion profiles
pathway of this re-designed protein (Rd-apolosg,) has been were recorded for F61A/A90G at temperatures of 343.5°C in 2.5
extensively characterized using both native-state hydrogen©C intervals while for F61A/I72A temperature values of 17.5, 20.0,
exchange and stopped-flow fluorescence experinféitwo 25.0, 30.0, and 32.8C were used.
partially unfolded conformations (PUFs) that form after the rate- ~ Data Analysis. Data sets were processed and peak intensities
limiting step of folding with stabilities between the unfolded —quantified using the NMRPipe software packégmtensities %f cross-
and native states have been fodA&igure 1. With knowledge ~ Peaks were converted into effective relaxation rat€§’)( via

; ; L i ; R"(wepma) = —IN(l(wepma)! 1(0)) * (1/Treimd). Uncertainties iR were
of the reaction coordinate defining the folding process it has 2I VCIPMG vepmg, relax). UTLE ; ci "
become possible to manipulate the structures along the pathwa)?a culated based on average standard deviations of peak intensities

. . . h estimated from repeat measurements (in cases where calculated errors

so that they can be studied using standard biophysical ap-

h E | ific PUF b lated b were less than 2% oRS", a minimum value of 2% was used).
proaches. -or example, a speciiic can be populate yDispersion profiles for each well-isolated cross-peak at individual

destabilizing other states on the folding pathway by mutagenesisemperatures and magnetic fields were then fit to a two-state exchange
so that in effect the PUF becomes the ground state. In this model to extract values oRe, the contribution to the transverse

manner the solution structure of one of the PUFs of Rd-apocyt relaxation rate due to chemical exchange. At each temperature, only
bss2, PUF2, has been determin&tf® In addition to providing dispersion profiles witlR.x > 1.5 st at both magnetic fields were
information about intermediates along the pathway, mutations considered for subsequent data analysis. On the basis of this selection
can also be used to test the proposed reaction coordinate itselfcriterion, 17(19), 19(17), 32(26), 33(25), and 22(24) cross-peaks at 37.5-
For example, the native state hydrogen exchange data providel17-5), 40.0(20.0), 42.5(25.0), 45.0(30.0), and 47.5(325)respec-
strong evidence that the N- and C-terminal helices of Rd-apocyt tively, were used in the data analysis for F61A/A90G (F61A/I72A).

. S ) - In-house program& were used for fitting dispersion curves and for
bsezare not formed in PUFL, while in PUF2 only the N-terminal the extraction of kinetic and thermodynamic parameters. Values of the

model parameters were obtained by least-squares fits of the experimental

(22) Lederer, F.; Glatigny, A.; Bethge, P. H.; Bellamy, H. D.; Matthew, F. S.
J. Mol. Biol. 1981, 148 427—448.

(23) Feng, Y.; Sligar, S. G.; Wand, A. Nat. Struct. Biol.1994 1, 30—35. (26) Tollinger, M.; Skrynnikov, N. R.; Mulder, F. A.; Forman-Kay, J. D.; Kay,

(24) Chu, R.; Pei, W.; Takei, J.; Bai, Biochemistry2002 41, 7998-8003. L. E. J. Am. Chem. So@001, 123 11341-11352.

(25) Feng, H.; Takei, J.; Lipsitz, R.; Tjandra, N.; Bai, Biochemistry2003 (27) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
42, 12461-12465. Biomol. NMR1995 6, 277—293.
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rates R;';Xp) to theoretical valuesl?gialt) calculated using analytical s . F61A/A%0G . 3

expression? via minimization of ay? target function given by 405 375¢C ., . w0¢C . - “asc . = socC . - 475 °C
Q, C, e,
ff _ peff 2 ol 7 ) 3.0 " X g’ K
> (Rg,expti Rg,calci) 30 r 30 f k4 30 K 80

x _z ) Z 20 2.9 2.0 20 2.9 _

T (AF?Eﬁ ) S 00 10 20 00 1.0 20 00 10 20 00 10 20 00 10 20
2,expti & 4 40 4 4 4

where AI?\";EXFLi is the estimated experimental error. Details of data 30 ( 30 ’w s A o] Mol e
analysis are as described previouSly. ]
Error Analyses. Several different error analyses have been used in 66 7o 20 ‘85 7o zo ‘00 70 20 ‘00 10 20 00 70 20
this study and are described briefly. In a Monte Carlo anasis F61A/172A
experimental data is first fit to the model and a set of theoretical data ~ 4o—125°C__ 2°‘°°C, so250°%¢ ,, 300% . 325%
is then calculated on the basis of the best fit model parameters. Gaussian . . .
noise, with the same magnitude as the estimated experimental error, is  *° r 30 f 30 :?.f sl | 0 Jr
randomly added to the theoretical data and the resultant data set isg ,, 20 20 20 20
subsequently fit to the model. This procedure is repeatéthes (in o
this study,n = 50) and the error of each model parameter is calculated .. " )
as the standard deviation of the parameter values obtained from the 30 f 30 ,r N ol R < T R o
trials. In a bootstrap data analy8¥sa number of bootstrap samples )
are randomly generated. Each experimental observation in the original
sample is selected (randomly) an arbitrary number of times such that tog1otk,)
the size of the sample is theameas that obtained in the original Figure 2. Distributions ofks andk, for the F61A/A90G (top) and F61A/
experiment. 50 bootstrap samples have been used in the analyse$72A (bottom) mutants of Rd-apocydss,. For each residue used in the
described below. Finally, in a jacknife procedtra set of samples ~ data analysis a jacknife procedtitewas employed to estimate the

are randomly generated and analyzed such that each sample contain@iStrioutions of experimental data (see textjeaand . & ~¢ and =
. ) ) . Show the corresponding simulated data, assuming a two-state exchange
only a fraction of the starting data, with the sample sizallerthan model and the parameters for chemical shift changes and rates extracted

that of the experiment. from a global two-state fit of the experimental data.

4.0 40— 4.0

logy o
N
o>
=
o

2.% 2.0 2.0 2.0 2.0
.0 1.0 20 00 10 20 00 10 20 00 10 20 00 10 20

Results and Discussion . . . .
that the protein dynamics can be described by a single two-

In this study"*N relaxation dispersion experiments have been state conformational exchange event, all the spin probes should
used to probe exchange processes in two mutational variantseport the same process. By contrast, if the exchange mechanism
of Rd-apocytbsez, FE1A/A90G and F61A/I72A, under non-  js more complex (i.e., three-state exchange), fitting of dispersion
denaturing conditions (50 mM acetate buffer at pH 4.8). data to a two-state model is expected to produce residue-specific
Dispersion profiles for the backbone amidi spins have been  variations in the parameters describing the exchange prétess.
recorded at two different magnetic field strengths (corresponding The relatively narrow distributions of the valueskpfindk, at
to 'H frequencies of 500 and 800 MHz) and over a range of each temperature as shown in Figure-2dor F61A/A90G and
temperatures, as described in Materials and Methods. Most of Figure 2f-j for F61A/I72A is consistent with the presence of
the profiles measured show significant dispersions, indicating 3 single dominant exchange process in each mutant. To estimate
that the amide!®N spins in the protein sense at least one the effect of experimental errors on the distributionsoéind
exchange process on the ms time scale. To investigate whetheg dispersion data were simulated assuming titesidues
the observed relaxation diSperSionS are the result of a Singleare involved in a sing|e two-state exchange proce'sbe rate
dominant exchange process, dispersion profiles of individual constants for the exchange process and the populations of the
residues at each temperature were fit to a two-state model, excited states at different temperatures, as well as the chemical
shift difference between states for each residue in the simulation,

k“_\ were based on the parameters obtained from the global fit of
N U all the experimental dispersion profiles to a two-state model
kf 2) (details discussed below). Gaussian noise based on the estimated

experimental errors was added to the simulated data sets, and
where N and U correspond to ground and excited states, the same jacknife procedure that was applied to the experimental
respectively, and, k, are the rate constants that describe the gata was repeated on the simulated data. The distributioks of
exchange process. Errors in rate constants were estimated withynqk, obtained from the simulations are shown in Figure-2a
a jacknife procedure by whick5% of the data points in each & and 2f—j' for F61A/A90G and F61A/I72A, respectively. A
dispersion profilewere randomly removed. The subset of data comparison of the distributions of rate constants from the
was subsequently fit to a two-state model to extract values of experimental and simulated data (where a two-state model was
ke andk, on a per-residue basis and the procedure repeated SOaxp|icitly assumed) establishes that the dispersions for both
times for each selected residue (based on the selection criterigntants can be explained on the basis of a dominant two-site
discussed in the Materials and Methods section). The distribu- gxchange process, with the widths of the distributionk; ahd
tions of values ofkr and k, for all of the fitted residues are i determined by the errors in the experimental data.
shown in Figure 2 for F61A/A90G and F61A/I72A. Inthe case  For each of the two mutants, dispersion profiles of selected

(28) Press: W. H.. Flannery, B. P.. Teukolsky, S. A Vetterling, W. T. residues collected at five different temperatures and two

Numerical Recipes in C: The Art of Scientific Compufidnd ed.; magnetic field strengths were subsequently fit simultaneously
Cambridge University Press: New York, 1992. _ ;
(29) Efron. B! Tibshirani, RStat, SCi1986 1, 54-77. toa glob_al two-state exchange model under the following two
(30) Efron, B.; Gong, GAm. Stat.1983 37, 36-48. assumptions: (1) all residues have the same exchange rate
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Table 1. Summary of Model Parameters Extracted from Global Table 2. Results of the Bootstrap Data Analysis of the Dispersion
Fits of the Dispersion Data to a Two-State Exchange Model Data
temp (°C) kex (s71)7 ke (57 pU (%) pU (%)’ temp (°C) kex (s77) pU (%)
F61A/A90G F61A/A90G
375 1494+ 64 1545+ 73 0.38+ 0.01 0.37+ 0.01 375 1535+ 111 0.36+ 0.02
40.0 1588+ 39 1692+ 53 0.57+0.01 0.56+ 0.01 40.0 1655+ 70 0.56+ 0.02
42.5 1542+ 20 1523+ 25 1.05+ 0.01 1.03+0.01 42.5 1517+ 34 1.03+ 0.02
45.0 1499+ 16 1498+ 18 1.94+0.01 1.91+0.02 45.0 1502+ 23 1.94+ 0.03
47.5 1358+ 18 1372+ 19 3.46+ 0.03 3.60+ 0.05 47.5 1372+ 29 3.60+ 0.21
F61A/I72A FE1A/I72A
175 915+ 33 1074+ 39 0.88+ 0.02 0.80+ 0.03 175 1122+ 122 0.84+ 0.07
20.0 992+ 38 1037+ 42 0.94+ 0.02 0.98+ 0.03 20.0 1045+ 109 0.99+ 0.05
25.0 1109+ 25 1131+ 30 1.44+0.01 1.44+ 0.02 25.0 1132+ 55 1.43+ 0.04
30.0 1109+ 15 1106+ 18 2.61+0.02 2.64+ 0.03 30.0 1104+ 29 2.64+ 0.04
325 1094+ 11 1085+ 12 3.53+0.02 3.56+ 0.04 325 1080+ 30 3.59+0.13

aThe exchange rate&g) and populations of unfolded statesl)) were o ) )
obtained from a global fitting of dispersion data at all temperatures and F61A/I72A mutant at 17.8C where significant differences in

magnetic fields simultaneouslyke and pU values were obtained from are noted, likely reflecting the small measured dispersions
fits of dispersion data at individual temperatures separately. at this temperature (avera@e, = 3 + 0.5 s at 500 MHz).
constants at specific temperatures and (2) for each residue the Figure 3 illustrates typical fits of dispersion profiles for a
chemical shift difference between the ground state and therepresentative residue of the F61A/A90G mutant (resonance
excited state is independent of temperafdr&he exchange assignments have not been obtained). The solid line corresponds
parameters from the global two-state model fit are listed in Table to the best fit obtained from a global analysis of all residues at
1. The errors in the exchange ratex(= ki + k;) and the all temperatures and magnetic fields using a two-site exchange
population of the excited stat@lJ) were estimated using the  model. The low reduceg? values (1.1 and 1.6 on average for
Monte Carlo analysis described in Materials and Methods. Here F61A/A90G and F61A/I72A, respectively) obtained from the
theoretical dispersion profiles were generated for each residuetwo-state model fit suggests that more complex analyses are
based on the fitted exchange parameters and noise added to eaafot warranted. This is consistent with the simulations of Figure
curve to generate a new set of profiles that were fit. The process2, where narrow distributions d§ and k, are obtained, with

was repeated 50 times with the average and standard deviatiorthe breadth of the distribution due to experimental error. To
in the fitted parameters reported in the table. In general, the further elaborate this point, a bootstrap data analysis was
dispersion profiles of both mutants fit very well to a global two- performed on the dispersion d&faFor each mutant, fits of
state model. Moreover, values kfx and populations do not  dispersion data at individual temperatures were performed on
depend on whether all of the temperature data is fit together 50 bootstrap samples generated with randomly selected residues,
assuming chemical shift differences are temperature invariant, Table 2. Average values df,, and pU obtained from the

or whether dispersions are fit on a per-temperature basisbootstrap analysis are close to those from the two-state model
(compare Table 1, columrssandb). The one exception is the fits of all data at individual temperatures, Table 1, consistent

37.5°C

200 400 600 800 1000

20 40.0°C Vepme
20
eff, 115 800 MH eff _
Ry (s z Ry (s s 800 MHz
10l 500 MHz 10{ 500 MHz
200 400 600 800 1000 200 400 600 800 1000
Vepme VoM
30 45.0°C 47.5°C
25 EFN
eff
RS (s 20
2 ( )15 800 MHz 800 MHz
101500 MHz 101 500 MHz
200 400 600 800 1000 200 400 600 800 1000
VCPMG VCPMG

Figure 3. Typical fits of dispersion data from a single residue of the F61A/A90G mutant of Rd-apggyassignments are not available) using a global
two-state model. Dispersion data from all selected residues, all temperatures, and all magnetic field strengths were included in the global fitting
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Figure 4. Temperature dependence of the folding and unfolding rates for F61A/A90G (a and b) and F61A/I72A (c and d) shown as Eyring plots. Mean
values of Ink/T) (circles) and errors (vertical lines), obtained via a Monte Carlo analysis are shown, along with the average best fit of the rates in solid lines.

with a single exchange process contributing dominantly to the determined from thermal-melt experiments using circular dichro-
observed relaxation dispersions for each mutant. Finally, it is ism spectroscopy (unpublished data, 2.3 kcal/mol for F61A/
of interest to contrast the goodness of the two-state fits of the A90G at 42.5°C and 2.4 kcal/mol for F61A/I72A at 251C).
dispersions recorded for the Rd-apobyg, mutants considered  This suggests strongly that the single dominant conformational
here (assumed in what follows to be two-state folders) and for exchange process detected by the relaxation dispersion experi-
the Fyn SH3 domain mutants that we studied previously. In ments for each mutant is indeed the folding/unfolding reaction.
the later case we showed that the exchange process is mordurther support is in the form of the significatN chemical
complex than two-stat. One measure of whether a two-state  shift differences Awy) between the ground and excited states
fit is appropriate is to compare how reducgdvalues change  obtained from fits of the relaxation dispersion data. For the
between a global (two-state) fit of all of the daﬁgo vs a fit residues selected for data analysisn,ag= 2.8 ppm (averaged
where each residue is considered on an individual basis andover both F61A/A90G and F61A/I72A mutants) witkwx
the x2 values so obtained summed up (and divided by the total ranging from ~1.0 to ~7.0 ppm. Finally, the fact that a
number of degrees of freedorxﬁg). We might expect that the  significant number of residues show exchange{60% of the
global fit would not be as good as individual fits, in general, resolved correlations give rise to measurable dispersions) is
since the data has error and there could well be contributionsagain consistent with a global folding/unfolding process. In
to at least some of the dispersion profiles from additional what follows, therefore, the exchange event for both mutants
processes. Nevertheless, in the case of a “two-state” exchangavill be viewed in terms of a global protein folding reaction
process the ratio of reduced values obtained from the two  and the parametets, ky, andpU interpreted accordingly.
approaches should be close to unity. In the case of the F61A/ The temperature profiles df; (= kel — pU)) and k,
A90G mutanty? /x?; is 1.2, while for F61A/I72A the ratio is (= kepU) obtained from global fits of the relaxation dispersion
1.1. In contrast, for the Fyn SH3 domain mutants G48M and curves for the two mutants are shown in Figure 4. It is important
G48v szg/xf, is 2.3 and 3.4, respectively.It is clear that the to emphasize that the rates are extracted from the data with no
Fyn SH3 domain folding is more complex than that of Rd-apocyt assumptions about their temperature dependencies, although they
bse2. are subsequently fit to the Eyring equation (solid lines, see
The stability differences between excited and ground statesbelow). Notably, values of Ik() increase monotonically with
can be calculated from their relative populations. On the basis temperature for both mutants, while the temperature profiles of
of the values ofpU obtained from the global two-state model In(k) have significant curvatureks for each mutant initially
fits, the excited states of F61A/A90G and F61A/I72A are 2.9 increases with temperature and then decreases.
and 2.5 kcal/mol higher in free energy than their corresponding  Although many chemical reactions obey Arrhenius thekry,
ground states at 42.5 and 25, respectively. These values agree = A exp(—E4RT), where the activation enerdy, is positive,
well with the free energy change of folding for the two mutants, curvature in Arrhenius plots of enzymatic reactions and protein
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refolding processes are not uncomn%ﬁz. For instanpe, F61A/A90G T
Oliveberg et al. studied the two-state folding of the protein CI2 -_i; H=-3.0* 0.7 kcal/mol
over a wide range of temperaturfésA strong curvature was (42.5 °C) ; ésf}?'-} +100‘i?;(kcﬁ”mﬁl<
observed in the Eyring plot, Ik(/T) vs 1/T, and the simplest PSS
interpretation of this behavior is that there is a large heat capacity

chang_e L(XCE_U) apcompanying protein f_oIdinif.Since a heat _

capacity change is related to a change in the solvent-accessible

surface area of polar and apolar groups in proté&i#zand since U

the transition state is thought to bury a larger portion of G = 0 keal/mol

hydrophobic residues than the U stateC’ Y < 0. A finite i N
ydrophobr L P ' TS =0 kcal/mol G =-2.86 * 0.01 kcal/mol

heat capacity change give rises to a temperature dependence of Cp = 0 keal/mol/K H = -45.2 + 0.3 kcal/mol

the activation enthalpy of folding as described by TS = -42.3* 0.3 kcal/mol

Cp=-21% 0.2 kcal/mol/K
AH M =AH"YT) +ACSU(T-T,)  (3)

whereT, is the reference temperature at whiﬁhlPU(Tm) is

determined. According to eq 3, £C} " < 0, the sign of the F61A/I72A + ﬁi:"?foiigl‘;:‘;”c"
activation enthalpy for the folding process can change from (25.0 °C) TS =.2.9+ 0.4 keal/mol
positive to negative as the temperature increases, leading to an Cp =-0.6 £ 0.2 keal/mol/K
initial increase inks with temperature, followed by a decrease
+
for T values such thatH U(T) < 0.
The temperature dependence lgk, have been fit to the
Eyring equatior® U e _
iU G = 0 kcal/mol
kf = (kBTK/h) exp(_AG /RT) H = 0 kcal/mol i \|
. . ¢ ES 5 g kw:im'm G =-2.50 + 0.01 keal/mol
AG -U — AH -uU _ TA —U P = 0 keal/mol H =-17.3 £ 0.2 kcal/mol
(T) (T) (T) TS =-14.8* 0.2 kecal/mol
— #-U F-U Cp =-1.5+ 0.1 kcal/mol/K
=AH" (T, + ACp (T—-Ty — p
—U U Figure 5. Schematic diagrams of the folding reaction with the thermody-
T[A§ (Tm) + ACP ln(T/Tm)] namic parameters of F61A/A90G and F61A/I72A mutants extracted from
fits of the temperature dependence of the folding and unfolding rates. The
and unfolded state of each mutant is used as the reference state. If the data are
fit to eq 4 withx = 1 (instead ok = 1.6 x 1077), G* andTS become 13.9
ku = (kBT/c/h) exp(—AG*_N/R'I) and—16.9 kcal/mol for F61A/A90G and 13.3;12.2 kcal/mol for F61A/

I72A. All other values are unchanged.

=Ny =Ny _ —N
AGT (M) = AH(T) TAS M was derived for simple chemical reactions, rather than complex,
= AH*‘N(Tm) + ACT)_N(T - T — multi-event processes such as those involved in protein folding.

T[AS*fN(Tm) + AC:fNIn(T/Tm)] ) Moreover, althoughAG, AH, AS, and

wherekg andh are Boltzmann and Planck’s constants, respec- AH = — M
tively, k is the transmission coefficient that is related to the d(/m)
fraction of molecules in the transition state that end up as

roducts, andAGFY(AG*N), AH*Y(AH*N), ASY(ASN), X .
P ( ) ( ) ( ) sion coefficient. A value of = 1.6 x 10~7 has been used here,

andAC, Y(ACI™) are the free energy, enthalpy, entropy, and < _ _
p p 1 L ’ _
heat capacity differences between the transition state and theb"’lsed on an empirical estimate for protein foldtigorre

: : .__.sponding toksx/h = 3300 st K1,
unfolded state (folded state), respectively. Figure 5 summarizes ;
the thermodynamic parameters obtained from the fits, with the The thermodynamic parameters for both F61A/A90G and

unfolded state arbitrarily chosen as the reference. It is important FGlA/I?ZA.Sth the cla§5|.cal and e>.<pecte'd entregythalpy
to realize that whileAG(= GN — GY), AH(= HN — HY) and compensatiof characteristic of protein folding transitions. The
ASE S — &) are independent of ’the model used to fit the activation barrier for folding of F61A/A90G at 42.%C is

data (Eyring equation in this case), the values of the activation entropic, conlslaztent V\.”th. _stud|es of qther protelns_ at similar
parameters are not; these values must therefore be interprete&e mperature&.*2The significant entropic folding barrier along

. ) U -
cautiously. This is especially the case since the Eyring formula with a negativeAH™"' may reflect the fact that the transition
state is well hydrated and reasonably compact so that many of

are independent af, AG* andAS" do depend on the transmis-

(31) Oliveberg, M.; Tan, Y. J.; Fersht, A. Rroc. Natl. Acad. Sci. U.S.A995 the enthalpic interactions with water are not lost, while new
(32) %%éf?gs&s%gcuijarro J. 1.; Morton, C. J.; Pitkeathly, M.; Campbell, | intramolecular contacts are formed, relative to the unfolded state.
D.; Dobson, C. MBiochemistryl998 37, 2529-2537. "7 At the same time the compaction leads to a reduction in chain

(33) Fersht, A. RStructure and Mechanism in Protein Scienéé H. Freeman
and Company: New York, 1999.
(34) Murphy, K. P.; Freire, EAdv. Protein Chem1992 43, 313-361.

entropy that is the major deterrent to folding and hence

(35) Spolar, R. S.; Livingstone, J. R.; Record, M. T., Biochemistry1992 (37) Hagen, S. J.; Hofrichter, J.; Szabo, A.; Eaton, WPAoc. Natl. Acad. Sci.
31, 3947-3955. U.S.A.1996 93, 11615-11617.
(36) Eyring, H.Chem. Re. 1935 17, 65—-77. (38) Fuentes, E. J.; Wand, A. Biochemistryl998 37, 9877-9883.
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responsible for the folding barrier. Fersht and co-workers have assumingAC, = 0. It is clear from Figure 4a,c thalcz_u =
observed a similar behavior in tig, vs temperature profile of 0 for the systems studied here and mm;‘“‘ is also nonzero
CI2. In this casekex decreases for temperatures in excess of for F61A/I72A. However, an increase(decreaseljk, by 5%
~45 °C, where the folding barrier is the result of the loss in  for the lowest temperature point only, changAé:I‘“,ACz_N]
chain entropy upon formation of the transition st&télhe significantly, from [-1.7,0.4]kcal/mol/K to §1.2,0.9]
folding barrier measured for F61A/I72A, 2&, is much more ([—2.1,0.0])kcal/mol/K, for F61A/A90G, for example. Alter-
balanced with regards to contributions from enthalpy and natively, an increase(decrease) kin alone by 5% changes
entropy. The differences between the activation parameters forAC:*N from 0.4 kcal/mol/K to 0.9(0.0) kcal/mol/K (for F61A/
folding of FE1A/A90G and F61A/I72A likely reflect, at least  A90G), again emphasizing the problems with the limited

in part, the temperature ranges that were used in the studiegemperature range that can be explored using this technique.
(centered about 42.5 vs 2&) that were necessary to observe

and quantify exchange in the two mutants (see below). The
larger (more positiveAH*~Y for F61A/I72A follows directly

In conclusion, we have use®N relaxation dispersion
spectroscopy to characterize the folding/unfolding transition in

L . . ., a pair of mutants of Rd-apoc . These mutants were
from eq 3, the significant difference in temperature at which 2 P ) POCHtss? s
. .. designed to fold in a two-state manner by significantly decreas-
the measurements were made and the negative heat capacit

change upon foIdingA(Cf,_U), while the drop inTS from —7 %\g the stabilities of folded and intermediate states on the folding

calmol (SIARSCS, .30) 03 ealmo (oiazs, E2Elon cooate Roue 1 The sosenaton of o st
25 °C) is consistent with the decreased entropic penalty gp ’ » SUpp prop

: : . folding in this systen®* The results of the present study allow
associated with compaction at the lower temperature. Notably, | t of F61A/AQ0G and E6LA/N72A on the foldi
the reversal in folding rate for F61A/I72A occurs at a lower placement o an on the folding energy

temperature than what has been reported for other protetAs, diagram and 'the compl'ete determination of the kinetics and
Figure 4c. thermodynamics of folding for these two mutants. The meth-

While it would certainly be of interest to quantify the folding odology can be applied to a large number of systems under

reaction over a larger range of temperatures, the range that iSnativelike conditions, pr.oviding dispersions in relaxation rgtes
possible is dictated by the size of the dispersion profiles that can be observed, and will therefore serve as a useful compliment

can be measured. At the lower temperature limit dispersions of 1© More traditional spectroscopic approaches for studying protein

only 2-3 s'1 are obtained, while at the high-temperature end f0ding that often involve the use of denaturants.
the increase in the population of the unfolded state leads to large

dispersions and a significant decrease in spectral quality. Inth|s(_)f Toronto) for many helpful discussions. W.-Y.C. was a
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