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Abstract: An understanding of many biological processes can only be achieved through studies of the
structure (enthalpy) and motions (entropy) of the key molecules that are involved, including those that are
formed only transiently and with low population. These transiently formed, low populated states are invisible
to most biophysical techniques but in many cases they can be studied in detail using relaxation dispersion
NMR spectroscopy. Relaxation dispersion methodology has recently been described for the measurement
of protein backbone excited state chemical shifts as well as bond vector orientations, which form the basis
for structural studies of these invisible conformers. It is of interest to extend such studies by quantifying
motional parameters of the excited state, providing a more complete description of the energy landscape
that drives the biochemical event in question. Herein we describe a relaxation dispersion method for
measuring site-specific motional parameters of methyl containing residues in the excited state. The approach
is applied to the invisible unfolded state of the G48M Fyn SH3 domain that is in exchange with the folded
conformation. Not surprisingly, the degree of disorder is in general higher in the unfolded state than in the
folded conformer, although there is some ordering of side-chains in the unfolded state toward the C-terminal
region of the domain. The development of the present methodology provides the first step toward
characterizing the motional properties of invisible conformers, complementing the structural information

that is already available from relaxation dispersion studies.

Introduction

It is becoming increasingly clear that biological molecules
are dynamic over a broad spectrum of time-scales and that often
these dynamics are related to function.'™> Insight into the
relation between motion and function has been obtained from
detailed experimental studies using standard tools of structural
biology such as X-ray diffraction and NMR spectroscopy only
in cases where the intermediates involved in a particular process
can be stabilized. However, in cases where conformers are
formed transiently and are of low population they are often
invisible to many of the biophysical methods that are in routine
use so that insight into their structure and dynamics is less
forthcoming.® In principle, solution NMR spectroscopy is a
powerful probe of functional biomolecular dynamics because
molecular processes with time-scales ranging from ps (for
example, bond vector librations) to hours (local or global
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unfolding) can affect NMR observables.” For example, molecular
dynamics on the ms time-scale, frequently important in many
biological processes such as ligand binding, protein folding and
enzyme catalysis,® '? causes line broadening of NMR signals
and can be studied by the Carr—Purcell—Meiboom—Gill
(CPMG) spin relaxation dispersion experiment.'*”'> Here
chemical exchange between a predominant state (referred to in
what follows as the ground state) and one or more low populated
(excited) states can be probed so long as the mole fraction of
the latter exceeds ~0.5%. Parameters describing the kinetics
and thermodynamics of the exchange process are obtained from
analysis of the resulting relaxation dispersion profiles. Most
importantly, it is also possible to directly obtain chemical shifts
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of NMR active probes in the exchanging states'>'® that are

sensitive reporters of structure.'”'® To date, experiments are
available for measuring a wide range of excited state protein
chemical shifts including those from '*N, 'HN, *C%, 13C#, 3CO
and 'H® spins,>'°"?* which form the basis for predicting
backbone dihedral angles,”* as well as side-chain '3Cyuegnyi
shifts.?® Recently, a new class of CPMG experiment has been
developed which enables the determination of bond vector
orientations in excited protein states that also provides valuable
structural restraints.>°~2® The first structure of an invisible,
excited conformer corresponding to the ligand-bound form of
an SH3 domain based exclusively on data obtained from CPMG
dispersion experiments recently appeared, establishing the utility
of the methodology.?

In addition to quantifying the thermodynamic parameters of
the exchange reaction®® (AG, AH, TAS) through a temperature
dependent dispersion study and characterizing the structural
features of excited states, it is also important to understand their
site-specific dynamics, which can be related to residue-specific
contributions to conformational entropy.®'** Experimental
methods for probing site-specific motional properties of these
transiently populated conformers have not been reported to date.
Here too, the CPMG experiment is of utility since, in principle,
it is sensitive to the intrinsic ps—ns time-scale motions of each
of the exchanging conformers.>* Analysis of dispersion data is
most often carried out neglecting differences in the dynamics
of the ground and excited states, simplifying the analysis
considerably with little effect on the extracted exchange
parameters in the majority of cases.***> In situations where
significant differences in ps-ns time-scale dynamics in the
ground and excited states exist we show here that by using spin-
state selective relaxation dispersion NMR spectroscopy it
becomes possible to extract transverse relaxation rates of NMR
probes in the exchanging conformers. Thus, motional parameters
of the invisible, excited state are obtained, complementing the
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structural information that is also forthcoming from the analysis.
In what follows we illustrate the methodology through a study
of the ps-ns dynamics of methyl groups from Ile, Leu and Val
residues in an “invisible”, unfolded state of a G48M mutant
Fyn SH3 domain which exchanges with the folded state on the
ms time-scale.

Results and Discussion

Measuring Motional Parameters in Invisible States. Figure
la illustrates an “exchange event” linking ground and excited
protein states which is probed using the '*C nucleus of a methyl
group in the molecule. In addition to the conformational change
there is also a change in the dynamics of the methyl group in
each of the two states, with the amplitude of motion larger in
the excited state in this example. Amplitudes of motion are most
often characterized by an order parameter squared, S°, that
ranges from O (isotropic motion) to 1 (completely restricted
motion).*® If the exchange event is slow (key = kap + kpa <
Awag = wa — wp, o is the chemical shift in rad/s) to
intermediate (k. ~ Awag) on the chemical shift time-scale,
separate resonance lines are, in principle, observed for a probe
in each of the exchanging states. In practice the line derived
from the excited state (state “B”) is most often not observed
since its population is low and for ke on the ms time-scale
the exchange contribution to the line-widths of B-state peaks
(~1/kgy) is on the order of hundreds of Hz.%'>

The key to the measurement of methyl dynamics in the
excited state is to isolate each of the four '*C lines of the methyl
quartet (C%°¢, C3%%, C%¥P, ChPP), where o and 3 denote the up
and down spin states for each of the three proton spins of the
methyl group, Figure 1b, and to perform separate experiments
on each line. Thus, proton spin-state selective relaxation
dispersion profiles are recorded, Figure 1c, that measure the
transverse °C relaxation rate (Ry.fr) as a function of the number
of chemical shift refocusing pulses (proportional to Vcpmg)-
Dispersion profiles (Ry.fr VS Vepmg) are sensitive reporters of
Awag; they are modulated by vcpywg because increasing the
number of refocusing pulses decreases the effective chemical
shift difference between states, Awes. Thus, as vepyg 1S increased
the exchange process effectively moves toward the fast-exchange
regime, kex/Awes increases, and in the limit of fast pulsing such
that Aw.;r — O the dispersion profiles become flat with R,
approaching the population weighted average of the intrinsic
relaxation rates of probes in each state.?” In the case where the
intrinsic relaxation rates of the probes (in this example *C) in
each of the two exchanging states are the same, the four
dispersion profiles are expected to be offset with respect to each
other, but otherwise equivalent (see below). By contrast, more
substantial differences are anticipated for the case where the
motional properties of each state are distinct. Consider, for
example, the situation of slow chemical exchange so that the
exchange contribution to transverse relaxation of each probe in
the ground state A, R%., is given by kag; that is, R%eii(Vepmc =
0) = R4 + kas, where RSy, is the intrinsic relaxation rate
in the absence of exchange. In the fast pulsing limit the exchange
process is “driven” into the fast regime (i.e., kex = Awes) and
RS eii(Vepmc — ©0) = paR%in + psRBin, Where pa and pg = 1 —
Pa are the fractional populations of states A and B, respectively.
Thus, the “size” of the dispersion profile (Figure 1d), Ryex =
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Figure 1. Measurement of methyl group dynamics in invisible, excited
protein states. (a) Exchange between ground and excited protein states where
the amplitude of ps—ns time-scale dynamics in the ground state is less than
in the excited state, Sa> > Sg% (b) Carbon NMR spectrum of the exchanging
methyl group of (a). The spectrum of the excited state is shown (red);
normally it is not observed due to the short lifetime of the excited state
(1/kpa) and its low population (pg). The scalar coupling between the methyl
13C and its three directly attached protons splits the carbon spectrum into
four lines (for example, C%% denotes the carbon transition where two of
the three attached protons are in the la) spin-state). (c) Individual CPMG
relaxation dispersion profiles are recorded for each the four lines and (d)
the differences between the four relaxation dispersion profiles, C%*, ...,
CAP, are used to derive intrinsic transverse relaxation rates, RS, ... REHP,
of the excited state that can be interpreted in terms of ps—ns dynamics
parameters.

Rocii(Vermc = 0) — Roe(Vepmo — ©0) = pp(Reime — R3in) +
kag, depends on the difference in intrinsic transverse relaxation
rates between ground and excited states. When R%i, # RSy
each proton spin-state selective R,¢x profile will be different

because R,y values vary for each '*C line in a methyl quartet,
Figure 1d. For example, in the limit where only 'H—'3C dipolar
interactions are considered and for a methyl group attached to
a macromolecule with infinitely fast spinning, it has been shown
previously that the outer lines relax with rates that are nine times
larger than the inner lines.*® *° The fact that four distinct
dispersion profiles can be recorded and that the R, values
for each line can be rigorously quantified in terms of a small
number of shared parameters (see below), allows the separation
of RS ini — RS from kup. Indeed, “standard” dispersion profiles
that are comprised of the sum of all multiplet components are
also sensitive to R%y, — R¥y, as has been described by Ishima
and Torchia,*® but it will not be possible in general to separate
differences in intrinsic relaxation rates from exchange param-
eters unless individual multiplet components are considered, as
described here.

The decay rates for each of the four methyl carbon transitions
can be evaluated, including the proton-carbon dipolar, proton—
proton dipolar and the carbon chemical shift anisotropy (CSA)
interactions that are the primary sources of relaxation. The
derivation, although lengthy, follows standard Redfield
theory*'and similar calculations including contributions from
only dipolar interactions have been presented previously.*®*°
We have found it easiest to evaluate the many commutator
relations involved using home-written Mathematica (Wolfram
Research) or Matlab (MathWorks Inc.) scripts that are available
directly from the authors upon request. The intrinsic transverse
relaxation rates of the four multiplet components are given by

Aaao 1
Ry {2CC

3deyP(cos 0) Y (4740) + 37N we)

1 27 »
+{3 CHPZ(COS 0y + 8dCHP2(cos 07 + T din|Than

R’ = —{2cc — deyP3(cos 0)(4I0) + 3/we)
{igdCsz(co 07 + 12290dCHP2(co 0y + zg bt Ty

RSP < —{2cC + deyP(cos 0) Y (4I4(0) + 3JMwe)
{29 Pl(cos 0) + %d 1P(cos 0)° + 99d }rﬁmhyl

RO = 0{2cC + 3dyPS(cos 0)}2(4J0) + 37N we)

+ [5dRuPlcos 07 + gdPicos 07 + Tdi}then
1)

Ineq 1, téethyl is the correlation time describing rotation
about the methyl 3-fold axis in state A, J*(w) is the spectral
density function that describes the dynamics of the methyl
symmetry axis for state A, wc is the carbon Larmor
frequency, PY(cos z) = (3 cos2 z — D/2, Pi(cos z) =
—3 sin z cos z, P3(cos z) = 3 sin® z, dcy, dyn and cc are constants
given by den = ynychud(dmrdy), dun = yhhuo/(4orim),
cc = ycBoAal3 where y; is the gyromagnetic ratio for spin i, h
is Planck’s constant/2st, ry; is the distance between spins i and j,
By is the strength of the static magnetic field, and Ao = g; — gy,
where 0y and o, are the components of the assumed axially
symmetric methyl '3C chemical shift tensor. The spectral density
function is®
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with 78 and 74, correlation times for the overall tumbling and
the motion of the methyl symmetry axis (state A), respectively.
Analogous equations for state B can be readily obtained by
interchanging A and B in the expressions above. In the
derivation of eq 1 we have assumed the Woessner model for
methyl dynamics,** whereby each C—H vector of the methyl
group jumps rapidly between three equally probable orientations
(Tmethy), With additional motion of the methyl axis relative to a
fixed molecular frame on a separate time-scale, T, s (for
example, see eq 15 of ref 40 where such a model is described
in more detail, including the effects of cross-correlations). In
addition we have retained only the dominant J(0) and J(wc)
spectral density terms. While there are additional terms pro-
portional to J(wy), J2wy) and J(wy £+ wc) their contributions
are small. For example, for a small protein with 7¢ = 4 ns, S
= 0.5, Taxis = 300 ps, Tmemyt = 50 ps the combined contributions
to the transverse relaxation rates of eq 1 from the J(wy), J2wy)
and J(wy £ wc) spectral densities are less than 13% of those
from the leading terms in eq 1 (8% for R,***, 10% for R,
13% for R,**#, and 12% for R,**P). Moreover, in the case where
Tc = 1 ns, Szaxis = 02, Taxis — 300 ps, Tmethy] =50 ps, ‘](wH)7
JQwy) and J(wy £ wc) contribute 19% of the total rate (for
R,’PP, which is the worse case). A further issue that merits
discussion is the validity of the motional model, in particular
for applications to excited states that are partially unfolded (or
totally unfolded, as in the example here, see below). Is it realistic
to assume that the dynamics of methyl containing side-chains
in unfolded states can be adequately described assuming that
the motion of the 3C—"H bond vector is given by a correlation
function that decays rapidly to a plateau value PY(cos 0)*with
correlation time Tpemyi, and then more gradually with a rate 1/
to a plateau of PY(cos 6)>S2, before finally decaying to zero
due to tumbling with an effective correlation time 7c? It is
unclear whether there is a definitive answer to this question at
this time, but some insight can be provided by our previous
studies of methyl group dynamics in A131A, a large, highly
populated, disordered fragment of staphylococcal nuclease.*?
These studies made use of a ?H relaxation method in which
side-chain methyl dynamics properties are quantified through
intensities of resolved backbone amide correlations. Four
different H spin-relaxation rates were measured, shown to be
self-consistent, and subsequently fit to a model that is very
similar to what is used in eqs 1 and 2. It was found that fits of
the data could be obtained that were largely within experimental
error and that more complex models of motion could not be
justified on the basis of statistical analyses. Of course, the
analysis of A131A was on a ‘visible’, unfolded protein rather
than the invisible, unfolded conformer that is the object of study
here (see below) and for which it is almost certain that the
quality of data will be lower than that derived from a visible
state. Thus, while the model used presently is most certainly
crude, more complex models are not warranted, at least until
such time that experiments improve considerably.
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It is worth reemphasizing the importance of recording spin-state
selective dispersion profiles and analyzing the relaxation dispersions
from all lines together since this is a major result of the present
work. From eq 1 it follows that sz‘fxﬁo‘ o<(3P3(cos O)dcy —
2¢c)*SHith and Ré?ﬁﬂ o< (PYcos O)dcy + 2cc)*Sith in
the macromolecular limit. Thus, in the slow exchange
example considered above, RY%(0) — R¥B0) o
piP3(cos O)dcy{dcuP3(cos 0) — 2cc}(SiiTé — SHite) that does
not depend on kap (see Figure S1 of Supporting Information)
and the correlation between kg and intrinsic relaxation rates is
broken. Thus, in the case of a two-state exchange process
simultaneous analysis of dispersion profiles from the four lines
of the methyl quartet allows extraction of kagp, kga, Aw that
describe the exchange event as well as dynamical parameters
4J(0) + 3F(wc) for each state j € (A,B). In all fits of dispersion
profiles we have assumed that values of Ty and Ao, while
methyl group specific, are identical for states A and B. It is
worth noting that in many cases 45(0) > 3J(w¢), T > Ty SO
that 47(0) + 3/(wc) ~ 4F(0) ~ 4537t

Figure 2 illustrates the spin-state selective methyl '*C
relaxation dispersion NMR experiment that was designed for
extracting dynamics parameters of methyl groups in invisible,
excited protein states. Central to the experiment is the constant-
time CPMG element of duration 7, (between b and c) during
which a train of a variable number of *C refocusing pulses is
applied that quenches the effects of chemical exchange. In the
absence of the element between points a and b of the scheme,
13C,'H correlations are produced that are separated into a series
of four multiplet components in the carbon dimension according
to the four possible methyl proton spin states (see above, Figure
1b). In practice the overlap in spectra becomes prohibitive even
for applications to small proteins and we have therefore made
use of an approach developed by Kontaxis and Bax** where
each of the four multiplet components is separated into
individual subspectra. This is achieved by modulating each of
the components according to evolution from the one-bond
methyl 'H—"C scalar coupling (occurring between a and b)
and subsequently taking linear combinations of data sets to
produce the appropriate subspectra, as described in the legend
to Figure 2.

The extraction of accurate dynamics parameters is predicated
on limiting exchange of magnetization between different '*C
methyl group multiplet components that potentially can occur
during the course of the experiment. Exchange of this type can
result from longitudinal relaxation of methyl protons caused by
external protons that effectively “flips” the spin-states of the
methyl protons (see Materials and Methods, eqs 4 and 5). This
process can be minimized extensively through high levels of
deuteration and the samples that have been used (see below)
are Ile, Leu, Val methyl protonated in an otherwise highly
deuterated background. In addition, the effects of spin- flips
can be reduced by (1) separating the four multiplet components
as described above to achieve a “clean” initial condition at the
start of the CPMG element®® and by (2) including the scheme
in the center of the CPMG element (Figure 2) that effectively
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Measurement of Methyl Group Motional Parameters

ARTICLES

9.? g8 g8

LTE#J 4 =
1 TallTa :
H N H A
Ta | b
¢ 2 g3
130 Tcp tcp Th B+ Th~> Tcp Tcp
__LJ_I_LI_I_I_IQ2
0 gl gl 3 3 g4
G gu g g g 9 m
- —2N -

v

=N

Figure 2. Pulse scheme of the '*C methyl constant-time CPMG relaxation dispersion experiment quantifying methyl dynamics of excited states of proteins.
All 90° (180°) radiofrequency pulses are shown as narrow (wide) bars and are applied at the maximum possible power, except for the '*C pulses between
b and ¢ (16 kHz). '*C decoupling is achieved with a 2 kHz WALTZ-16 decoupling field.** 'H pulses indicated with shading are applied as 903 — 2109 —

903 between a and b and 90¢ — 1809

— 909*° between b and c. The shaped proton pulses applied prior to acquisition are 90° water selective (rectangublar)

pulses.*” Phases of rf pulses are x unless explicitly indicated otherwise. Quadrature in F, is achieved via States-TPPI*® of phase ¢5. The delays were set
according to: 7, = 1.8 ms, 7, = 2.0 mS, Tielex = 50 ms and N is any whole number between 1 and 50. Gradient levels and durations (Gauss/cm; ms) are: g0
= (4; 0.5), gl = (5; 0.25), g2 = (25; 1.0), g3 = (4; 0.1), g4 = (6; 1.5), g5 = (5; 0.25), g6 = (—18; 1.5), g7 = (12; 0.3), g8 = (8; 0.5), respectively. The
phase cycle is: ¢1 = 2(x,—x%),2(—x,X), $3 = 2(x),2(—x) with ¢4 = {x,—x} to refocus artifacts in dispersion profiles recorded with '*C magnetization coupled
to protons in the aao (most upfield component)/o3f3 spin-states or ¢4 = {y,—y} for aap, BB, ¢5 = 2(x), 2(—x), receiver = ¢1. Four separate spectra are
recorded in order to separate the multiplet components with (z.,¢2) = (1/(4Jcn),x), (1/(6Jcn).y), (1/(12Jcn),—x), and (0,—y) (shown in blue). Postprocessing
of these four subspectra yield isolated multiplet components as described previously.** In order to keep probe-load as constant as possible a CPMG scheme
is applied immediately prior to the start of the sequence where N’ = Npox — N and 47¢p = Treax/(Npax— N), and Ny, is the maximum value of N that is used.

The pulse sequence code is available upon request.
‘inverts’ every second of the four multiplet components,'*
described previously in the context of "'N-TROSY based CPMG
experiments.”®>? It is worth noting that depending on the phase
of the '*C 180° pulse in this element (x or y), artifacts that
accumulate during the first half of the CPMG train are refocused
during the second half for '*C magnetization coupled to protons
in the oo, aff (phase x), or oS, BBS (phase y) spin states,
in a manner analogous to that discussed previously in the context
of applications involving spin-state selective '>N dispersions.>®
Validation—An Application to a Non-Exchanging System. To
establish that robust parameters can be extracted from fits of
dispersion profiles we first considered an application to a small
protein, protein L,>' which shows evidence of chemical
exchange at only a single methyl site (Val 47 C”!, see below).
Spin-state selective dispersion data were recorded on a 2H-, Ile-
['*CH;01], Leu, Val-['*CH3,'2CD;]-labeled sample at a single
magnetic field (corresponding to a 'H frequency of 800 MHz);
the four dispersion profiles for each residue were constant
(RQ’eff(’VCPMG) = Rliim, k e {aaa,aaﬂ,aﬂﬂ,ﬂﬂﬂ}), as expected,
with the exception of those for Val 47 C”! which showed very
slight dependencies on vepyg. From the four RS, rates, values
of (4J(0) + 3J(wc))/4 and Ao were extracted for each methyl
group and compared with values isolated from independent
experiments. Figure 3a plots (4J(0) + 3J(wc))/4 calculated from
dynamics parameters measured independently from 2H spin
relaxation experiments performed on a fractionally deuterated
protein L sample®® vs corresponding values that were obtained
from fits of the dispersion profiles (see Materials and Methods
for details); the best fit line through the data is y = 1.034 x
with the one outlier from residue Val 47 C”! due to chemical
exchange that was not taken into account in the analysis. Figure
3b plots the 'TH—"3C dipolar/**C chemical shift anisotropy cross-
correlated spin relaxation rate, 7c = 1.46 x 10’Ao[(4J(0) +
3J(wc))/4] at 800 MHz, measured from the asymmetry of the

(49) Skrynnikov, N. R.; Mulder, F. A. A.; Hon, B.; Dahlquist, F. W.; Kay,
L. E. J. Am. Chem. Soc. 2001, 123, 4556-4566.

(50) Loria, J. P.; Rance, M.; Palmer, A. G. J. Biomol. NMR 1999, 15, 151—
155.

(51) Scalley, M. L.; Yi, Q.; Gu, H.; McCormack, A.; Yates, J. R.; Baker,
D. Biochemistry 1997, 36, 3373-3382.

(52) Skrynnikov, N. R.; Millet, O.; Kay, L. E. J. Am. Chem. Soc. 2002,
124, 6449-6460.
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Figure 3. Validation of the methodology using protein L. (a) Correlation
between (4J(0) + 3J(wc))/4 values (5 °C) calculated from dynamics
parameters based on *H spin-relaxation®® (Y-axis) and from *C CPMG
relaxation dispersion profiles (x-axis; measured at 800 MHz). Values derived
from CPMG relaxation dispersions were multiplied by 0.805°* to take into
account differences in viscosity between 100% D,O (sample for '3C CPMG)
and 90% H,0/10% D,O (sample for ’H spin relaxation). Val 47 cr!
undergoes millisecond chemical exchange and was therefore excluded from
calculation of the best-fit line, rms, and R?. (b) Correlation between 'H—'3C
dipolar/"*C chemical shift anisotropy cross-correlated spin relaxation rates,
1c, 800 MHz, 5 °C, measured using the method of Tugarinov and Kay
(y-axis)>* and using the CPMG method (X-axis), as described in the text.
The proportionality factor & = 1.46 x 107 1/ppm.

intensities of methyl *C multiplet components in coupled HSQC
spectra (Y-axis)> and the corresponding values calculated based
on parameters extracted from fits of the dispersion profiles (x-
axis). The good agreement observed in Figures 3a and 3b
suggests that accurate dynamics parameters can be extracted

(53) Tugarinov, V.; Kay, L. E. J. Biomol. NMR 2004, 29, 369-376.
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Figure 4. Predicted uncertainties in extracted values of A(4J(0) + 3J(wc))/4
= (4JN0) + 3TMw))/4 —(4J3(0) + 37%(we))/4 as a function of ke, (y-
axis) and Aw (x-axis). Values of pg = 3% (A) and 5% (B) are chosen with
other parameters given in the text.

from the CPMG method using the relaxation model described
in Materials and Methods (see below).

Sensitivity to Chemical Shift Time-Scale. Having established
that accurate motional parameters of the ground state can be
extracted from fits of dispersion profiles in the absence of
exchange we next consider the case of chemical exchange and
investigate how the fitted dynamics parameters depend on the
chemical exchange time-scale. This is addressed through
computations in which a set of spin-state selective dispersion
profiles corresponding to the evolution of each of C§*, C%*,
C¥, and CH were generated at 600 and 800 MHz using
experimental vcpvg values along with the parameters
A@JO) + 3Jwc))4 = [4JA0) + 3/ we))/d — (4JB0) + 3/ (we)/4
=2ns, Ao = 25 ppm, (4J40) + 3J4wc))/4 = 4 ns, Jeg = 125
Hz, Tmemyt = 50 ps for 100 s7' < ke < 2000 s™! (varied in
steps of 76 s™!) and 0.25 ppm < |Awl < 2.5 ppm (steps of
0.09 ppm). From each of these ‘parent’ data sets 32 additional
data sets were obtained by adding Gaussian noise to the parent,
with the standard deviation of the Gaussian noise given by the
relation 0.15 s™! 4 0.16 s~'ppm~!IAwl, as estimated from the
experimental data. Each of the 32 noise containing data sets
(noise added to mimic experimental data) was analyzed
independently following the same procedure used for the
experimental data to produce 32 values of A(4J(0) + 3J(wc))/4
from which a mean and rmsd was calculated. Figure 4 plots
the rmsd values for pp = 3 (Figure 4a) and 5% (Figure 4b). It
is clear that unreliable values of A(4J(0) + 3J(wc))/4 and hence
of (4J8(0) + 3J8(w())/4 are obtained toward the fast exchange
regime (Aw/k.x — 0). Interestingly, in cases for which Aw

(54) Cho, C. H.; Urquidi, J.; Singh, S.; Robinson, G. W. J. Phys. Chem.
B. 1999, 103, 1991-1994.
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values are large the errors increase as well, reflecting the larger
uncertainties in R, and the fact that it is not possible to
properly “pulse-out” the exchange contributions using the vVcpyvg
fields employed experimentally (<1—1.5 kHz) so that at the
highest vcpyg value the fast pulsing limit is not achieved and
therefore Ryt # paR%in + paR%in. Figure 4 also makes clear
that significant rmsd values (on the order of 1 ns or larger) are
obtained in general, reflecting the fact that the dynamics
information derives from differences in multiplet selective
dispersion profiles that are often quite small (see below).
Nevertheless, in the example of protein folding considered below
PB X 4=5%, ke A~ 250 s7! and Figure 4b establishes that
reasonably accurate values of A(4J(0) + 3J(wc))/4 can be
obtained.

We have also examined the effects of dynamic frequency
shifts and magnetic field induced molecular alignment on
extracted motional parameters and these are shown to be small
(see Supporting Information).

Application to Protein Folding. In the previous sections results
from experiments have been presented showing that accurate
motional parameters can be extracted from fits of dispersion
profiles in the absence of exchange and simulations have
established guidelines for when quantification of spin-state
selective dispersion profiles gives accurate motional parameters
in the case of an exchanging system. We now turn to an
application involving a G48M mutant of the Fyn SH3 domain
that exchanges between folded (ground state) and unfolded
(invisible excited state) conformers. Previous studies have shown
that the fractional population of the unfolded state, py, is 3.5%
at 23 °C and that the folding reaction proceeds via an
on-pathway intermediate state whose population py is 0.7%.%
In the analysis that follows we have assumed that the folding/
unfolding exchange process for this protein can be modeled as
two-state since p; < py; fits of dispersion profiles on a per-residue
basis produced exchange rate constants for kap (kga) that varied
by less than 10%(20%) from the mean value, Tables S1, S2 of
Supporting Information, much less than the 10—100 fold
differences that were noted in previous studies of folding where
intermediates were formed with similar populations to the
unfolded state.'®3°

A 2H-, Tle-['*CH;301], Leu, Val-['*CH3,'3CHj;]-labeled sample
of G48M Fyn SH3 was produced and dispersion profiles
recorded using the scheme of Figure 2. Figure 5a shows one
such set of profiles from each of the four multiplet components
of Leu 7 C?? recorded at 23 °C, 800 MHz (squares) that are
analyzed with a two-site-exchange model (solid lines) described
in detail in Materials and Methods. Notably, small but significant
differences in spin-state selective profiles are obtained, Figure
5b, which provide the telltale sign that the intrinsic ps-ns time-
scale dynamics in the two exchanging states are distinct. As
further support for an exchange model which includes dif-
ferential dynamics between ground and excited states, p-values
have been calculated to evaluate the statistical significance of
including separate relaxation rates for each of the two states
(Figure S3, Supporting Information). For those residues where
differences in dynamics are small, large p-values are obtained
as expected, indicating that the more complex fitting model
(differential dynamics) is unnecessary. However, p < 0.031 for
all cases where A(4J(0) + 3J(wc))/4 > 1.5 ns (see Supporting

(55) Mittermaier, A.; Korzhnev, D. M.; Kay, L. E. Biochemistry 2005, 44,
15430-15436.

(56) Korzhnev, D. M.; Neudecker, P.; Zarrine-Afsar, A.; Davidson, A. R.;
Kay, L. E. Biochemistry 2006, 45, 10175-10183.
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Figure 5. Spin-state selective relaxation dispersion profiles. (a) Methyl
CPMG relaxation dispersion profiles of Leu 7 C°* from the G48M Fyn
SH3 domain, 500 mM GdnHCI, recorded at 800 MHz, 23 °C, using the
pulse sequence of Figure 2. (b) Contribution to R, from the chemical
exchange process, Ryex = Rocii(Verme) — limyg—er, (Vopmc). The
difference between R, (C3**) and R, (C%”) reports directly on the
dynamics of the excited state. In this example, R, ¢x(C%**) > RZYCX(C‘iﬂ/’), SO
that Sx2 > Sg? for Leu 7 C%2.

Information). Notably, a p-value of 1.1 x 1073 is obtained from
fits of dispersion profiles for Leu 7C®, consistent with expecta-
tions. In contrast, as described in the first section of Results
and Discussion, and emphasized in a previous publication by
Ishima and Torchia,** if single-quantum dispersion data sets
quantifying the decay of the total transverse magnetization were
to be recorded and analyzed (nonspin state selective experi-
ments) it would not be possible to distinguish between models
which assume identical motional properties between ground and
excited states and those with different ps-ns time-scale dynamics.
It is thus critical that individual multiplet components be studied.

Figure 6a plots (4J(0) + 3J(wc))/4 ~ SZ;c for the folded
(blue circles) and invisible, unfolded (red circles) states of the
G48M Fyn SH3 domain, 23 °C, averaged over measurements
for C%',C%% (C',C”?) in the case of Leu (Val) residues. S%% 78
values (excited state) for each methyl group are indicated by
triangles (01/y1) and squares (62/y2) displaced slightly from
each other for Leu and Val and by triangles for Ile. All but one
of the 16 Ile, Leu and Val methyl groups in the protein could
be reliably quantified; Az of 1le28 C?' is so large (2.8 ppm)
that its dispersion profile could not be fully quenched using the
vepmo Values of the experiment, leading to large uncertainties
in the fitted parameters. Not surprisingly, R = RS, indicating
that the unfolded state ensemble is more dynamic than the folded
conformation on the ps-ns time-scale. Interestingly, methyl
groups at the C-terminal end of the excited state are less dynamic
than in other regions of the protein. This asymmetry of motion
(as a function of sequence) suggests that the unfolded state for
the G48M Fyn SH3 domain is not completely random-coil like.
With the exception of the values at the C-terminus, the S3278
values obtained here are similar to those measured for methyl
groups in A131A, studied by a °H relaxation method described
briefly above and in detail previously.*

As a follow-up experiment we were interested in examining
how small quantities of GdnHCI (500 mM) might affect the
dynamic properties of the side-chain Ile, Leu, Val residues in
both folded and unfolded conformations. In particular, is a

ARTICLES

7
o 18
w
£ 5
= 4
= 3
=
%

S 2
< 1
™ ol
0 10 20 30 40 50 60
Residue No.
__30 e
E o’
Ez,sub S5
€ 20} -
= -
b= "
% 15} e
‘I
o #
g 1or & y=101x
B ¥ RMS=0.070 ppm
305 '_f R?=0.989 T
r 1 1 L 1 1
00705 10 15 20 25 30
Aw [0 mM GdnHCI] (ppm)

? ’,
— .I
g 6 C .1’

T 5t ,’
'E ".I'
(O]
= 4 ”'
E L]
(=] ’
a 3r . y=1.06x
2 7 AMS=0.060ns
S 2 # R°=0.998
]
1 £ 1 L L 1 1

1 2 3 & 5 6 7
0
£
g
2
i<

I3 Pt Q-eme Q-0 100
G A LY
0

10 20 30 40 50 60
Residue No.

Figure 6. (a) Methyl axis dynamics, (4J(0) + 3J(wc))/4 ~ S2Tc, of the
ground (blue filled circles) and excited (red circles and red line) G48M
Fyn SH3 domain states derived from CPMG relaxation dispersion, 23 °C.
For Val (Leu) residues the values for C!, C?? (C®!, C®2) are shown to the
left (A), right (O) of the average value (@), with the vertical bars indicating
the uncertainty in the average. (b) Differences in chemical shifts, Aw (ppm),
between ground (folded) and excited (unfolded) states of the G48M Fyn
SH3 domain measured in the presence (y-axis) and absence (x-axis) of 500
mM GdnHCL. (c) Values of (4J4(0) + 3J%we))/4 =~ SKité measured for
samples with and without GdnHCI. (d) Same as in (a), except with 500
mM GdnHCI. The dotted red line is the continuous red curve from (a).

similar dynamics profile to that illustrated in Figure 6a for the
unfolded domain also observed in the presence of 500 mM
denaturant, or does the added GdnHCI result in increased motion
at the C-terminal end of the protein, due presumably to a
“melting” of some stabilizing interaction in the unfolded state?
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As expected, the addition of GdnHCI stabilized the excited state
with py increasing from 4.3 £ 0.7 to 5.4 £ 0.9% and k, that
reflects largely the folding rate, decreasing from 305 £ 40 to
237 + 49 s7'. Fits of spin-state selective dispersion profiles
establish that the °C methyl Az values for Ile, Leu, Val residues
are not changed upon the addition of 500 mM GdnHCI, Figure
6b (slope of the Aw correlation is 1.01). In addition, the
chemical shift changes in the ground state are very minor (0.033
4 0.059 ppm on average), establishing that the methyl shifts in
the unfolded state are not perturbed through the addition of
GdnHCI and hence very likely neither is the ‘average unfolded
structure’. Moreover, the relative ps-ns time-scale methyl
dynamics of the ground state ((4J2(0) + 3JM(wc))/4 ~ SZATR)
are not changed upon addition of GdnHCI (Figure 6¢). The best-
fit line through the linear correlation plot is y = 1.06x, with the
overall increase in transverse relaxation (6%) most likely
reflecting a slight increase in solution viscosity associated with
the addition of GdnHCI. Figure 6d plots ground (blue) and
excited (red) state dynamical parameters that are measured in
the presence of 500 mM GdnHCI. The dashed red line shows
the values for the excited state in the absence of GdnHCI (Figure
6a) for comparison. As observed with the ground state, rather
similar S2278 values are obtained with and without GdnHCI
for residues of the unfolded polypeptide chain, with the
exception of Leu 42 whose motion becomes much more
restricted in the presence of denaturant (note that both C?!,C??
positions of Leu 42 have very similar dynamics parameters),
indicating perhaps some stabilizing interaction at this position.
Notably, if weak and transient hydrophobic interactions underlie
the rigidity at the carboxy-terminal end of the excited state,
Figure 6a, then the results of the present study indicate that the
addition of small amounts of GdnHCI are not able to disrupt
them.

In summary, a method is presented for the measurement of
methyl group motional parameters of invisible, excited protein
states using 'H spin-state selective relaxation dispersion NMR
spectroscopy. The present work complements previous studies
where parameters reporting on the structure of the excited state
were measured.”” The predicted uncertainties in dynamics
parameters of the excited state (Figure 4) and the experimental
uncertainties (Figure 6, Tables S1b, S2b, Supporting Informa-
tion) indicate that, despite the fact that accurate spin state
selective dispersion profiles can be recorded, the fidelity of the
extracted excited state parameters are compromised by the small
effects of differential ps—ns dynamics on the resulting dispersion
profiles. Nevertheless, significant changes in dynamics param-
eters as a function of sequence for the unfolded state of the
G48M Fyn SH3 domain have been obtained unequivocally from
the present study. It is thus clear on the basis of these results
that a particular strength of the methodology will be in studies
of folding intermediates where a qualitative site-specific indica-
tion of formation of structural contacts in the excited (partially
folded) state can be obtained, based on how the dynamics in
ground and excited conformers compare. It is also clear that
relaxation dispersion spectroscopy is emerging as an important
tool for the characterization of invisible, excited state conforma-
tions at a level of detail that is at least starting to approach that
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normally restricted to applications involving visible, ground
states of proteins.

Materials and Methods

Sample Preparation. A ?H-, Ile-['*CH301], Leu, Val-
['*CH3,!*CH3;]-labeled sample of the G48M Fyn SH3 domain
was expressed and purified as described previously.” The
protein concentration was ~1 mM, and the sample contained
50 mM sodium phosphate, 1 mM EDTA, 1 mM NaNs, 90%/
10% H,0/D,0, pH 7.0; a second sample was prepared by adding
guanidine hydrochloride (GdnHCI) to a concentration of 500
mM. A 1.2 mM sample of 2H-, Ile-['*CH;01], Leu, Val-
[*CHs3,'>CDs]-protein L, 99.9% D,0, 50 mM sodium phosphate,
pH 6.0, prepared as discussed previously,™ was used as a test-
sample in some of the experiments.

NMR Spectroscopy and Data Analysis. Four constant-time
13C-methyl CPMG relaxation dispersion experiments, corre-
sponding to the four values of (z¢,¢,) in Figure 2, were recorded
at 23 °C and at three static magnetic fields strengths corre-
sponding to 'H resonance frequencies of 600 (cryogenically cooled
probe-head) and 500, 800 (room temperature probe-head) MHz
(no GdnHCl) or at two magnetic fields, 600 and 800 MHz (with
GdnHCI). Spectra of the four '*C multiplet components were
separated as described by Kontaxis and Bax.** Subsequently,
relaxation dispersion profiles, R, ¢i(Vcpmc), for each of the com-
ponents were generated from peak intensities, /;(Vcpmc), in a series
of 2D 'H—"3C correlation maps measured as a function of CPMG
frequency, vepmg =1/(4tcp), where 2tcp is the interval between
consecutive refocusing pulses of the CPMG sequence. Peak
intensities were converted into effective relaxation rates via
Ry er(Vepmc) = I/l (Vepma) )V Trelax Where I is the peak intensity
in a reference spectrum recorded without the relaxation delay
Tretax” Dispersion profiles were recorded with 7i,x = 50 ms and
22 (26) values of vcpyg ranging from 25 to 1000 Hz, along with
2 repeats for error analysis at static magnetic fields corresponding
to 'H resonance frequencies of 600 and 800 MHz for the sample
with (without) GdnHCI. For the sample without GdnHCI an
additional dispersion data set was recorded at 500 MHz. Values
of R%; (see below) were calculated by measuring the relaxation
rates R (4C,HLHY), R(2C,Hy) of individual methyl groups encoded
in the intensities of cross-peaks in 2D '*C—'H correlation maps
(pulse sequences available upon request). The decay times used
to measure the R; values ranged from 3 to 150 ms.

Data sets were processed and analyzed with the NMRPipe
program®® and signal intensities were quantified using the program
FuDA (http://pound.med.utoronto.ca/software.html). Relaxation
dispersion data were interpreted using a 2-state exchange model,

kAB
A==B

kpa
with 8 or 12 spin-state selective dispersion profiles from each
methyl (four each at 600 and 800 MHz or 500, 600, and 800 MHz)
analyzed simultaneously. The best-fit model parameters were
extracted using the program CATIA which is available from http:/
pound.med.utoronto.ca/software.html and which has been described
previously.?® Briefly, parameters are obtained by minimization of
the target function,

(57) Mulder, F. A. A.; Skrynnikov, N. R.; Hon, B.; Dahlquist, F. W.; Kay,
L. E. J. Am. Chem. Soc. 2001, 123, 967-975.

(58) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR 1995, 6, 277-293.

(59) McConnell, H. M. J. Chem. Phys. 1958, 28, 430-431.
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where RS and ARS; are experimental effective relaxation rates and thelr uncertainties, respectively, RS$() are calculated relaxation
rates obtained by numerical integration of the Bloch-McConnell equatlons o= {x, .. , Xupar ) denotes the set of adjustable model parameters
and the summation is over the number of experimental data points.

Model of Two-Site Chemical Exchange.

As described in the text, the '*C spin of a methyl group is scalar coupled to its three directly attached protons with scalar coupling
constant Jey, giving rise to four distinct carbon transitions in NMR spectra. The four lines are denoted as C$*%, C4*#, C%*, and C4*
where C&au = C+H1|O">H2|0')H3|a>, C&aﬂ = C+H1IO">H2‘(1>H3|'B> + C+H1|(1>H2\ﬂ)H3IOL) + C+H1Iﬁ>H2‘a>H3lu>, C&ﬁﬁ = C.;.H]IO‘>H2V;>H3|’B> +
C.H,H,H;” + C.H,”H,”H;"“ and C/¥ = C+H1|ﬂ>H2|ﬂ>H’;lﬂ> and are centered at the frequencies {w — 37Jcy,0 — Aoy, +
Jew,w + 37Jcn} with intrinsic transverse relaxation rates of { R3S, z,m, ,m,R/fz” .}. The time-dependence of each of the methyl—carbon
magnetization components in the free precession limit can be written as

phe —kgy  —0S5RY 0 0 0 0 0
—kap PO 0 —0.5R®, 0 0 0 0
—15RY, 0 phol —kgy  —RY 0 0 0
d 0 - l.SRfel —kap pBeoh 0 _Rgal 0 0
a7 o 0 RN 0 A —ky —15RN, 0 | @
0 0 0 —RE, kg B 0  —15R%
0 0 0 0 —0.5R%, 0 PP —kgy
0 0 0 0 0  —0S5RE, —kag  pBA

— (C:&r,wa’ Cljr,aw’ C:‘:aaﬁ’ Cli,aaﬁ’ Cﬁ»ﬁﬁﬂ’ Cliaﬁﬁ’ Cfi,ﬁﬁﬁ’ Cli,ﬁﬁﬂ)w‘

where

A000 _ Ri}::m — i(w) — 3ey) + kyp + 1. 5Rsel

B.oowo _ RZBﬁm — i(wg — 3oy + kgp + 1. 5R§el

Aaaf _ R?l‘;“ﬂ —i(wy — Tley) T kap + 1 5RSel

Baof _ RzBl(;?ﬁ — i(wg — Ty + kgy + 1. SRsel 5)
Aaff _ RAIZtﬁﬂ — i(wy + W) T kap T+ 1 5R

B.app _ = RS lmﬁ — i(wg + Tey) T ks T+ 1 SRbel

pAﬁﬁﬁ - RAﬂﬁﬂ —i(w, + 3w cy) + kyp + 1 SRsel

PP = Riffﬂ — i(wg + 37y + ks + 1.5RE,

bbbbbb

the superscript “” indicates transpose and RS, j €(A,B), k € {aao,aaB,a88,08/3} are the intrinsic transverse relaxation rates of

each of the multiplet components of state j given in eq 1 and R2,(RE))is the selective 'H longitudinal relaxation rate for state A(B)

that is given by the difference in relaxation rates between 4C,HLH:, and 2C,Hy, Ry = R\(4C,HHY) — R(2C,Hy).*" In general, Ry,

is proportional to J(0) in studies of biomolecules.®® Thus, values of Ry, which have been measured for the visible state (A) can be

used to calculate the corresponding RE; rates determined during fits of the dispersion profiles according to the relation RE; ~
R&(4T5(0) + 3J%(we))/(474(0) + 37A ().

Dispersion profiles for each methyl group were analyzed separately. We prefer to analyze the dispersion data on a per-methyl
group basis, as opposed to a global fit involving all residues, since small deviations from two-state behavior can be accounted for
in per-residue fits by slight shifts in values of kxg and kgs. We observe small differences in kinetic constants from fits of dispersion
profiles derived from different residues as detailed in Tables S1 and S2 (see Supporting Information), with kxp= 12.4 & 1.2 57},
kpa= 294 s7' 4+ 39 s7! (average & rmsd) and kxg= 11.8 £ 1.7 57!, kga= 225 s~! & 49 s7! for the G48M Fyn SH3 domain without
and with 500 mM GdnHCI, respectively.

For each fit, values of kxp and kga (or pp, key = kap + kpa) were extracted, along with Awag, 4J4(0) + 3/ (wc), 4J3(0)+3725(we),
Ao and Ty, Tables S1, S2 (Supporting Information). A value of Jey = 125 Hz, that is the same in both ground and excited states,
is assumed in all fits. Contributions, including those from fast exchange processes (faster than ~2000/s), were taken into account
by adding an extra term, A = aB,? to each of the four rates, R$;%%%, R5:3%, RSP, RAUEP. Tn summary, a total of 8 parameters are
extracted from fits of at least 8 and often 12 multiplet selective dispersion profiles (4 relaxation curves for each static magnetic field
employed).
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Values of A from fits are in general small, on average (0.0014
+ 0.0019)s™'T 2 By?, corresponding to ~0.25 s~ ! at 600 MHz,
Tables S1, S2 (Supporting Information). The physical interpre-
tation of A is somewhat more complex than a simple “fast
exchange term” and deserves comment. In the fits of the
dispersion profiles we have assumed that the intrinsic transverse
relaxation rates due to the dipolar interactions that manifest
within a methyl group are field independent. This is a very
reasonable assumption, even in the context of unfolded proteins,
as discussed below. However, it is not perfect. For example,
focusing only on the dipolar terms, it is clear that R,;, rates
will decrease (very slightly) with increasing field because
spectral densities (see eq 2) decrease with increasing frequencies.
This is not taken into account in our analysis and the discrepancy
between dipolar contributions to R;;,(800 MHz) and R, ;,(600
MHz) leads to decreased values of A and, in cases where there
is no or little actual fast exchange, results in negative A values,
as is observed for a number of residues (see Table S1, S2,
Supporting Information). Thus, A must be considered as a lower
bound for the exchange contributions. Finally, we have also fit
our data to a model which assumes that A = 0 and find that
very similar extracted dynamics parameters are obtained (Pear-
son correlation coefficient R*> = 091 and rmsd in
A(4J(0) + 3J(wc))/4 of 0.37 ns) although the quality of the fits
is reduced.

As discussed above, the extracted relaxation parameters 4.7(0)
+ 3J(wc) are field dependent since J(wc) varies with field. In
applications to folded proteins, however, 47(0) + 3J/(wc) ~
4J(0) and the field dependence is negligibly small. Indeed, even
in cases where B corresponds to an unfolded state (as in the
study here) the difference in 4J8(0) + 3J/8(wc) values at 500
and 800 MHz ('H frequencies) is small, so that the inherent
field dependence of the rates can be neglected. For example, in
the case where S2;; = 0.2, Tc = 1 18, Ty = 300 ps, Tinethyl =
0 the difference in 4J%(0) + 3J/%(wc¢) evaluated at ve = 125
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and 200 MHz is approximately 7% of 4J8(0) + 3J%(wc) and
this fractional difference decreases as Tmemyi increases. We have
carried out a set of simulations to establish the significance of
neglecting the field dependence of transverse relaxation rates
in the analysis of our data. Using exchange parameters and
intrinsic dynamics parameters in the computations that are
similar to those obtained in fits of experimental data the errors
in A(4J(0) + 3J(wc))/4 are small (<0.4 ns, well within typical
experimental errors), with the extracted differences in intrinsic
transverse rates (ground — excited) less than the actual
differences.
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