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Proteins that fold rapidly, on the (sub-) microsecond time scale,
offer the exciting prospect of direct comparison between experi-
mental data and molecular dynamics simulations.' ~® The standard
method for assessing the role of amino acid side chains in the
transition state for folding is a protein engineering approach
commonly referred to as ¢-value analysis (Figure S1, Supporting
Information, SI).””® Application of ¢-value analysis to ultrafast
folding proteins is stymied by several technical difficulties: (7)
folding rates are too fast for conventional stopped-flow methods,
(i) suitable spectroscopic probes often are not available in natural
amino acid sequences,'® and (iif) mutational effects on the denatured
state ensemble obscure the interpretation of ¢-values.'' The third
concern is particularly critical because residual structure in the
denatured state may be important for ultrafast folding.'"'* In this
Communication, we demonstrate that these difficulties are obviated
by the use of NMR spin relaxation dispersion methods to determine
¢-values and probe effects of mutations on the denatured (D), or
intermediate (I), state ensembles of ultrafast folding proteins. The
described approach provides information that is difficult, if not
impossible, to obtain by other means.

NMR spin relaxation dispersion measurements have been used
to perform ¢-value analysis for proteins in which at least some
spins in the molecule fall outside of the fast-exchange limit (on
the chemical shift time scale).'*'* In this case, a complete analysis
of relaxation dispersion data yields the populations of the native
(N) and D (or I) states, py and pp, respectively; the folding and
unfolding kinetic rate constants, k; and k,, respectively; and the
chemical shift differences between N and D (or I) states (Aw =
Qy — Qp)."" In addition, comparison of Aw for wild-type and
mutant proteins provides a powerful probe of potential mutational
effects on the D (or I) state. Kay and co-workers have pioneered
this approach with their studies of SH3 domains.'*'¢

Ultrafast folding proteins exhibit chemical exchange line broad-
ening in the fast-exchange limit (k.. = k; + k, = Aw ~ 10°-10*
s~!). For fast-limit two-site chemical exchange, the transverse
relaxation rate constant is R, = RY + R,,, in which RY is the
population-average relaxation rate constant for N and D (or I) states
in the absence of chemical exchange processes, R,, = ¢../k., and
dex = papp Aw?. Note that ¢, is not the ¢-value. In this regime,
NMR spectroscopy would appear to have limited application for
¢-value analysis, because the product pypp cannot be determined
independently of Aw? and only the magnitude of Aw can be
obtained.'> Nonetheless, NMR-based ¢-value analysis is even more
facile for protein folding in the fast-exchange limit.

The effects of mutation on chemical exchange line broadening
are given by
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kg T In(K" 1KYy = AAG™ + kg T In(piy' Ipy,
=~ AAG" — IgT(p} — Py = AAG’ (1)

ke T In(@in/ o) = —AAG® + 2k T In(py'Ipy)
—AAG® — 2kyT(p)y — pp) = —AAG® (2)

0

in which kg is the Boltzmann constant, and AAG® and AAG' are
the changes in stability and activation free energies, respectively
(defined in Figure S1 in Supporting Information, SI). Equation 2
is obtained assuming that the values of Aw are not affected by
mutation. Using eqs 1, and 2,

In(K2 KD I L pt)
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and & = (kgT/AAG®) In(piipy) =~ (ksT/AAG®) (piipH). As
shown in the SI, 0 < & < max (p}', pB"); thus, for 0 < ¢ < 1, the
maximum absolute error in ¢ is equal to max(p}', pp’) and this
error vanishes when ¢ = 0.5. Proteins for which relaxation
dispersion measurements have been reported frequently have pp'
< 0.05 (AG®° = 7 kJ/mol). By extension,

kT In(R"/R") = —AAG" — AAG® + 3k T In(p'Ipy)
=~ —AAG" — AAG® + 3k T(p) — Pp) = —AAG® — AAG'
C))

Equations 1—4 are the principal results for effects of mutations
on fast-limit chemical exchange broadening. R,, can be determined
using Hahn spin—echo, Carr—Purcell—-Meiboom—Gill (CPMG),
or Ry, relaxation dispersion experiments; k. and ¢, can be
determined using CPMG or R, experiments; and the assumption
that chemical exchange is in the fast-exchange limit can be
confirmed from the static magnetic field dependence of R,.'>

Nuclear spins in the wild-type (mutant) protein that are affected
by the same kinetic process exhibit the same exchange rate constant
ket (k). Nuclear spins that further satisfy the critical assumption
that Aw is unaffected by mutation can be identified because a graph
of ¢ vs ¢t (or RY vs RYY) will follow a straight line through the
origin. Nuclear spins whose environment in the D (or I) state is
affected by mutation can be identified because population-average
chemical shifts in the native state (~Qy for p{/ ~ 1) are observed
directly in NMR spectra.

The proposed method is demonstrated for the villin headpiece
domain HP67 (Figure S2). Relaxation data for backbone N spins
for wild-type and H41Y mutant have been reported previously.>'”
Significant line broadening is observed predominantly for the N
spins of amino acid residues in the N-terminal subdomain of HP67
owing to equilibrium (un)foldng between N and I states.® A plot
of R} vs Ry, determined from Hahn-echo experiments, exhibits
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Figure 1. Comparison of (a) R¥*!Y vs RY and (b) ¢H*'Y vs ¢3! (a) The
residues in Group A (D19, L21, A25, E27, D28, G32, and E39) and Group
B (L18, V20, V22, and T24) are shown in closed circles and triangles,
respectively. The fitted line for each group is shown in solid (Group A)
and dashed lines (Group B), respectively. Open circles (T15, F16, D34,
and L42) represent the residues for which Aw is changed significantly upon
mutation and are not included in the analysis. (b) Four residues (D19, L21,
E27, and D28) from Group A are shown as closed circles with a fitted line.
Open circles (T15, F16, E39, and L42) represent the residues for which
Aw is changed upon mutation (see SI).

0 5 1

two groups of residues, denoted A and B, based on significantly
different slopes of 0.379 & 0.028 and 1.117 % 0.087, respectively,
yielding AAG® — AAG'™= —2.36 + 0.18 and 0.27 + 0.19 kJ/
mol, respectively, from eq 4 (Figure 1a and SI). In principle, the
difference between the slopes for Group A and B could represent
a difference in either AAG® or AAGT, or both. However, the
mutational effect on the stability is global; therefore, the difference
in slopes must arise from multiple transition states (see SI). This
conclusion is confirmed by R;, relaxation dispersion experiments
described below. Data for residues T15, F16, and D34 deviate from
the fitted lines and must have large differences in Aw between wild-
type and mutant HP67. Comparison of NMR spectra indicates that
the mutation affects Qy for T15, D34, and L42.% In contrast, F16
shows little change in Qy, indicating that €2, is altered by mutation.

The ¢-value can be obtained from eq 4 if the stability difference
(AAG®) is known independently. If conventional methods (CD or
fluorescence) are not applicable or more rigorous analysis is
preferred, NMR relaxation dispersion experiments enable the
¢-value to be calculated from eqs 1 and 4 or eqs 1—3. The
thermodynamic stability of the N-terminal subdomain of HP67 is
difficult to measure because of lack of a unique spectroscopic probe
to monitor protein folding independently of the C-terminal subdo-
main.'” Thus, R;, relaxation dispersion measurements were per-
formed at two static magnetic fields and fit globally for residues in
Groups A and B for both wild-type and mutant HP67.> Dispersion
curves for Group A were described by a rate constant, k,,, of 5700
+ 100 and 14 000 & 1000 s~ ! in the wild-type and mutant proteins,
respectively. The same analysis for Group B yielded k,, = (4.2 £
0.5) x 10* and (4.6 £ 0.8) x 10* s™! in the wild-type and mutant,
respectively. Thus, the kinetic process of Group B is clearly distinct
from that of Group A, as indicated by Figure 1. Using eqs 1 and 4
yields AAG™ = 2.19 4 0.18 and 0.22 + 0.51 kJ/mol and AAG® =
0.17 &£ 0.25 and 0.49 £ 0.51 kJ/mol for Groups A and B,
respectively. Thus, the kinetic process contributing to exchange
broadening of the spins in group B is not affected by the mutation.
More detailed analysis suggests that this process arises from
repacking of the hydrophobic core of HP67.>'®

A graph of ¢ vs @it for Group A is shown in Figure 1b. The
solid line through the origin is fitted to data for residues D19, L.21,
E27, and D28 and has a slope of 1.05 & 0.08. Using eq 2 gives
AAG® = 0.12 £ 0.18 kJ/mol, consistent with the value obtained
from eqs 1 and 4. In this case, I¢l > 1 for residues in Group A.
Noncanonical ¢-values indicate that non-native interactions are

formed in the transition state and/or that energetics of the D (or I)
state are affected by mutation. Analysis of data recorded at pH 6
yields ¢ & 1 for the H41Y mutation (Figure S3). The large change
in ¢-value may reflect differences in the free energy of the
intermediate state at pH 7 and 6 (see SI). More detailed analysis
suggests that the chemical exchange process affecting spins in
Group A arises from a kinetic transition from the N to I state, in
which the N-terminal subdomain of HP67 is (largely) unfolded.'®
The analysis of H41Y HP67 demonstrates the importance of
multisite detection for accurate ¢-analysis. Thus, NMR-based
methods can significantly reduce the effort of ¢-analysis by
obviating the need to repeatedly alter the locations of spectroscopic
probes.'® The same formalism can be applied to investigations of
changes in solution conditions, such as pH and isotope effects, as
illustrated for HP67 by Figures S3 and S4.

In conclusion, we have shown that NMR spin relaxation data
for ultrafast folding proteins with chemical exchange rates in the
fast-exchange limit can be used to (i) assess mutational effects on
the D (or I) state, (i7) identify nuclear spins in chemical sites suitable
for accurate ¢-value analysis, and (iif) derive ¢-values. The chemical
exchange line broadening rate constant, R,,, can be obtained from
efficient Hahn-echo experiments, without recourse to full CPMG
or Ry, relaxation dispersion methods, and provides a particularly
straightforward approach, provided that the change in stability of
the mutant protein can be determined independently. A wide range
of ultrafast folding protein domains give well-resolved NMR spectra;
thus, the approach is expected to be broadly applicable. The method
was demonstrated using the H41Y mutant of HP67, which is a
particularly challenging test case because the substitution of H41
disrupts residual non-native interactions in an intermediate state.
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