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Folding kinetics for a number of proteins have been shown to T pHZ2.8 B

follow simple monoexponential behavior, indicating that folding 2 Q@ A ;]
. ' 2 . f=n 1G43 () o s

occurs without the observable accumulation of folding intermedi- ' > T
ates! The kinetic folding and unfolding data for such proteins are gz : Dot} ’_. J— S—
generally analyzed and interpreted within the framework of . ! .g u@:“'"
transition state theory, where the interconversion between the folded E o0
and the unfolded states is limited by the formation of a transition 0 : 2
state, representing the ensemble of conformations of highest free 110 qﬁ* _______ 6_’ & %“—
energy along the folding pathwayl he transition state is, therefore, 11 G43 (u) = o -l
only transiently populated. Together with structural analyses of the 1z 8 o il
end states of the folding reaction, characterization of the structure e 52 78 DE" O R - R e R 0T
of the transition state ensemble (TSE) is of crucial importance for H [ppm] time [s]

obtaining a comprehensive picture of the folding pathway and for Figure 1. (A) In the longitudinal exchange NMR experiment, a pair of
understanding the mechanisms by which proteins fold. Much insight ato peaks corresponding to the folded and unfolded states as well as a
into protein folding has been gained in recent years; however, pair of exchange cross-peaks, which result from the transfer of magnetization
knowledge of the electrostatic contacts in the transition state of a due to folding (red arrow) and unfolding (blue arrow) transitions, are
given protein or in its unfolded state is still very limited. While ~bserved for each residue. Only the high-fieliN) portion of a 2D
studies have shown that the strength of electrostatic interactions incorrelatlon_map is shown. (B and C) Relative intensities of folding (red)

. o ¢ and unfolding (blue) cross-peaks for residue Gly43 as a function of time
the TSE are protein specific, most analyses assume unif6tm p  (normalized to the intensity of the corresponding auto peak) for two pH
values for titrating residues (of a given tyge). values. Folding K) and unfolding k) rate constants are determined

Our recent determination of thgvalues of the Asp, Glu, and 2Bl e Tm e s for two-site exhange

. . . . : au -
His side chalqs in both f°'de‘?' and unfolded.states (_Jf the marginally includri)ng longitudinal reIaxatioﬁ.XlI data \?vere recorded on a 1.0 mM ’
stable N-terminal SH3 domain of tii#rosophilaprotein drk (drkN sample of wild-type!™N-labeled drkN SH3 domain in 50 mM sodium
SH3) enabled calculation of the pH dependence of its stability and phosphate, 92% /8% D,0, 15°C at 500 MHz.
demonstrated that simple models of electrostatic interactions in the ) i ) )
unfolded state do not adequately account for experimental beRavior. 9IVES rise to a cross-peak (Figure 1A (blue)), whose intensity
Rather, for the drkN SH3 domain, local electrostatic interactions Puildup is directly related to the unfolding rate (blue curves in
that are present in the unfolded state give rise to nonunifdtg p ~ Figure 1B,C), with a corresponding correlation and buildup (red)
values. It can, therefore, be expected that folding transition states, for the folding reaction. This experiment is particularly useful where
which generally display higher degrees of structure and are AGr—ul < ~1kcal/mol. In cases whetéGr—y| < ~3 kcal/mol,
considerably more compact than unfolded states, will show even folding kinetics under equilibrium conditions can be studied via
more nonuniformity of electrostatic interactions. line shape analysis and spin relaxation dispersion technfgues.

Here, protein folding kinetic data have been obtained for the To investigate electrostatic interactions in the TSE, folding and
drkN SH3 domain in order to investigate electrostatic properties Unfolding kinetics of the drkN SH3 domain have been measured
of a conserved residue, Asp8, in the folding TSE. The interconver- @S & function of pH using this equilibrium NMR approach. The
sion between folded and unfolded states of this domain has pre-ree energy difference between states A and\Ba—s = Gg —
viously been shown to be two-staand is slow on the NMR chemi-  Ga, is given by
cal shift time scale (folding and unfolding rate constaktsndk,,
at pH 6.0, 15°C are 0.99+ 0.05 and 0.44- 0.04 s'1, respectively).
Thus, separate sets of resonances for each state are observed in
NMR spectra. This enables the use of a longitudinal magnetization
exchange experimento simultaneously obtain folding and unfold-  \hereAG2_ is the contribution to free energy from all terms un-
ing rate co_nstamsnd_er equn_lpngm condlt_lons wnthout perturbatl_on related to pH,KL is the acid dissociation constant for stite
qf the folding/unfolding equilibrium. In this experiment, magnetiza- {U,F,#}, the TSE is denoted biy and the summation is over all
tion transfer from the folded €y to the unfolded (b state titrating groupd. In addition, from transition state theory, it follows

that

a0 (H'] + K2())
AG, 5 =AG, 4 RTZ |n—([H+] TR0 (1)
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Figure 2. The pH stability profile of the wild-type drkN SH3 domain
between pH 2.0 and 3.2AGg—y, calculated from folding and unfolding
rate constants usiyGe—y = —RTIn(k/ks) (black circles), 15C. The solid
black line is the pH dependence &fGe—y calculated from experimental,
residue-specific g, values for both states as descri§ethe black dashed
line corresponds to the contribution of Asp8ly to the pH stability profile.
Experimentally determined values efRTnk; (blue circles) and-RTink,
(green circles) are shown along with profiles obtained from the best fit of
the experimental data to eqs 1 and 2 to obtad{(¥) (dashed blue, green
lines).
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wherek, and h are the Boltzmann and Planck constants, respec-
tively, andx is a transmission coefficient, related to the probability
that the reaction proceeds to product from the TSE. The corre-
sponding equation for-RTInk, is obtained by replacing U with F

in eq 2. The free energy of unfolding\Gg—y, along with free
energy differences between the TSE and states U amd3g,-+,

and AGg+, respectively, can be obtained directly from eq 1 by
replacing A and B with the appropriate values fabove.

Values of AGg—y were calculated from folding and unfolding
rate constants measured as a function of pH using the relation
AGe—y = —RTIn(ky/ks) (black circles in Figure 2). The black solid
line shows the pH profile ofAGe., obtained by including
contributions from all titrating groups in both F and U states from
individual experimentally determinedgpvalues as describedyith
AGP—, fitted to minimize the difference between experiment
(circles) and calculation (solid line). In contrast, the black dashed
line corresponds tAGr., calculated assuming that ionization of
Asp8only contributes to the pH stability profile over the pH range
from 2.0 to 3.2. The fractional difference between free energy values
computed by including all Asp, Glu, and His side chains or only
Asp8 is less than 5.5% between pH 232, indicating that the
pH dependence of stability can be well accounted for by including
contributions from Asp8 only in this pH range. This allows a
determination of the I, of Asp8 in the transition state ensemble,
pKa(¥), by fitting the pH profiles of—RTInk; (blue circles) and
—RTInk, (green circles) simultaneously using previously determined
values for the K, of Asp8 in states F (2.1& 0.11) and U (3.75
4+ 0.03) and egs 1 and 2. A value of 2.920.09 is obtained for
PKa(¥).

The side chain acidic group of Asp8 makes a nonlocal electro-
static interaction in the folded state, a hydrogen bond with the
backbone amide of Lys21, that is conserved in SH3 donTaams}
we have previously shown that the backbone amide chemical shift
of Lys21 changes with an appare€gthat coincides with that of
the side chain of Asp8.n addition, a local interaction between
Asp8 and the imidazole moiety of His7 is also present that
contributes considerably less to the pH stability profil&o

investigate how each interaction affect§,(¥), we have repeated
the analysis described above on a His7Ala mutant of the drkN SH3
domain for which K, values in the F and U states have also been
measured, 2.66 0.06 and 3.98t 0.03, respectively. A value of
pKa(¥) = 3.25+ 0.17 is obtained for the His7Ala mutant (see
Supporting Information) that reflects the contribution from the
Asp8-Lys21 interaction exclusively, assuming that the interactions
in the TSE are those that are found in the folded protein.

For pH values much greater than those Kf(J), the electrostatic
interactions involving Asp8 stabilize the TSE and F states by
1.1(1.0) and 2.1(1.7) kcal/mol relative to the U state for wild-type
(His7Ala) drkN SH3 domain. An interpretation consistent with these
energetics is one where the electrostatics involving Asp8 are present
approximately to 55% in the TSE for both wild-type and mutant
proteins. This assumes, of course, that the interactions are of similar
magnitude in both the TSE and F states, and an alternative and
perhaps more likely scenario is that electrostatic contacts of reduced
magnitude are present more than 55% of the time in the TSE. This
result complementg; value analysis that suggests that the region
encompassing residue Asp8 is only weakly structured in the TSE,
with ¢y = 0.18 for the His7Ala drkN SH3 domain ag < 0.2 for
a-spectrin and Src SH3 domain positions analogous to Asp8 of
drkN SH38 It is noteworthy that single mutagk values represent
averages ovedll energetic components involving a particular side
chain, whereas here, we have obtained energetic information on a
specificelectrostatic interaction in the TSE.

In conclusion, our kinetic data on the drkN SH3 domain folding
have allowed an estimate of thEpvalue in the TSE for an aspartic
acid residue that is conserved in SH3 domains. The approach, which
records kinetic data from magnetization transfer rates on a sample
under equilibrium, nondenaturing conditions, can facilitate the study
of other properties of the TSE, utilizing a variety of perturbations
other than pH.
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Supporting Information Available: Description of sample prepa-
ration, NMR experiments, and analysis of data. Figure-&Tink;,
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