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ABSTRACT: Carr—Purcell—-Meiboom—Gill relaxation disper-
sion NMR spectroscopy has emerged as a valuable tool to
characterize conformational exchange between major and minor
states in a large variety of biomolecules. The window of
exchange that is amenable for study, corresponding to rates
on the order of 2000 s ! or less, is limiting, however. Here we
show that a combined analysis of both amide '°N and 'H"
CPMG profiles and major state exchange induced "*N chemical
shift changes leads to significant increases in the exchange time
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scale for which accurate exchange parameters and chemical shift differences between the interconverting states can be
obtained. The utility of the approach is illustrated with examples involving a pair of protein systems that are in the moderately
fast exchange regime. In these cases the analysis of dispersion profiles alone is not sufficient to obtain robust measures of
exchange parameters and chemical shift differences. Inclusion of major state exchan;e induced '*N chemical shift changes
measured in (*N—"H"Y) HMQC and HSQC data sets in addition to the "N and '"H" dispersion profiles in the analysis
“breaks” the correlation in parameters, allowing accurate values to be obtained. The approach is straightforward to implement
and makes use of HMQC/HSQC data sets that are recorded as a matter of routine to obtain chemical shifts of the excited state.
It promises to increase the range of exchanging systems involving low populated, transiently formed excited states that can be

studied by relaxation dispersion NMR.

B INTRODUCTION

Solution NMR spectroscopy has become an established
technique for obtaining high quality structures of biomolecules
(<30—40 kDa) and for characterizing the interactions between
these molecules and their targets}*3 However, such studies
provide a necessarily incomplete picture for understanding the
relation between structure, dynamics and function because they
focus only on highly populated (ground state) conformers that
can be readily accessed. Low populated and transiently formed
structures (so-called excited states) that have been shown to
play important roles in biological function®”” remain invisible
to standard approaches so that relatively little is known about
them. The situation is changing, however, with the continued
development®'° of Carr—Purcell—-Meiboom—Gill'*'* (CPMG)
relaxation dispersion NMR spectroscopy. Here effective trans-
verse relaxation rates, R,.g are quantified as a function of
the delay (7) between variable numbers of refocusing pulses
that are applied during a relaxation interval®'® Fits of
Ry a(Vepma=1/(27)) to an appropriate model of chemical
exchange allow the extraction of the kinetic and thermody-
namic parameters that govern the exchange process as well as
the absolute values of the chemical shift differences between
ground and excited states (|Aw| in rad/s, |[A@| in ppm) so long
as the excited states are populated to at least 0.5% and exchange

with the ground conformer with rates, k., between ~100
and ~2000 s~ ".®'* Separation of kinetics, thermodynamics,
and chemical shift parameters remains only possible, however,
if at least some of the exchanging spins are not in the fast
exchange regime corresponding to k./Aw — oo (hence
kex < ~2000 s ).

In cases where chemical shifts of the excited state are
obtained, they can be used as sensitive probes of structure,
especially when combined with database programs such as CS-
Rosetta,"> Cheshire,'® or CS23D."” For example, we have re-
cently shown in a number of applications that atomic resolution
structures of “invisible” excited protein states can be generated
using chemical shift restraints, supplemented in some cases by
residual dipolar couplings and chemical shift anisotropies,
which are measured exclusively from relaxation dispersion
experiments.”'®'? It is clear that such experiments can be very
powerful. However, at present the exchange time-scale window
for which the methodology is applicable is limiting because, as
mentioned above, k., values must be less than approximately
2000 s~ '. Here we show that a combined analysis of relaxation
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dispersion data sets (i.e., transverse relaxation rates) and
exchange induced shifts of major state peak positions leads
to an increase in the exchange time scale over which the full
set of exchange parameters can be extracted. A theoretical
description is provided that explains how this comes about.
Subsequently, the utility of this approach is demonstrated
experimentally for a triple mutant of T4 lysozyme (L99A,
G113A,R119P T4L) exchanging with a rate, k.,, of approxi-
mately 6000 s~ " at 20 °C, for which accurate chemical shift
differences and populations of the exchanging states could
not be obtained from fits of dispersion profiles alone. In
contrast, the combined analysis of chemical shifts and relaxa-
tion rates described here facilitate the accurate extraction of
A values. The range of applicability of this methodology is
then further established from studies on a relatively fast
folding mutant of the FF domain from HYPA/FBP11,%°
where it is shown that even in cases approaching the moder-
ately fast exchange regime (k.,/Aw ~ 3—4, 18.8T), robust
estimates of shifts are still possible.

B MATERIALS AND METHODS

NMR Samples. *N,"*C,'"H L99A,G113A,R119P T4L was
prepared as described previously."” The resulting NMR sample
was ~1.5 mM in protein dissolved in 50 mM sodium phosphate,
25 mM NaCl, 2 mM EDTA, 2 mM NaNj; pH 5.5, 10% D,0O
buffer. An "“N,"*C,'H 144A,V67A FF domain sample was
prepared as before.* The sample conditions where ~1.5 mM
protein, 50 mM sodium acetate, 100 mM NaCl, pH 5.7 10% D,O
buffer.

NMR Experiments. Experiments were performed on Varian
Inova spectrometers (11.7 and 18.8T) equipped with room
temperature triple resonance probes. 'H" CPMG relaxation
dispersion experiments were recorded at both 11.7 and 18.8T
for the FF domain sample and only at 18.8T for the T4L sample,
whereas >N CPMG dispersion profiles and HSQC and HMQC
data sets were measured at both 11.7 and 18.8T for both proteins.
Most of the experiments involving T4L were performed at
20.5 °C (kex ~ 6000 s~ ') whereas additional dispersion data
used to obtain reference chemical shift differences were collected
at 15 °C (ke ~ 3900 s~ ). Temperatures were calibrated using a
thermocouple that was inserted into the magnet in a standard
NMR tube.

>N CPMG relaxation dispersion data sets were recorded
using a constant-time (CT) version'? of the relaxation compen-
sated TROSY CPMG pulse sequence.”* The CT CPMG period,
T elax Was set to 24 (30 ms) for L99A,G113A,R119P T4L (144A,
V67A FF domain). "H" dispersion profiles were recorded using a
standard CT relaxation compensated pulse scheme® (FF
domain) or a CT sequence that does not include relaxation
compensation and where magnetization originates as antiphase
with respect to the coupled nitrogen (T4L). Such a scheme was
chosen for T4L to eliminate any ROE derived cross-peaks in
spectra arising from cross-relaxation in the rotating frame; such
peaks are more pronounced in larger proteins (T4L is over a
factor of 2 larger than the FF domain and experiments on T4L
were performed at a lower temperature). T, values of 18 and
20 ms were used for L99A,G113A,R119P T4L and the 144A,
V67A FF domain, respectively. Partial refocusing of the evolution
of "HY—"H scalar couplings during the CPMG relaxation period
in amide proton relaxation experiments was achieved using

an 'H" band selective REBURP pulse®® applied in the center
of the CPMG period.”

Relaxation dispersion experiments were recorded as a series
of 2D planes with interleaved vcppg values (~15), with 2—3
repeats to estimate errors. Vcpma values ranged from ~50—
1000 Hz for '*N dispersions and up to 2000 Hz in the 'HY
dispersion experiments. Typically, each complete dispersion
data set was recorded in 15—28 h.

Complementary high resolution "H","*N HSQC and HMQC
spectra were recorded using previously published pulse sequences.”
Maximum ¢, evolution periods were 76.8 (74) and 102.4 (100)
ms at 11.7 (18.8)T for the T4 and the FF domain samples,
respectively. Experiments were recorded two or three times to
estimate the errors in peak positions.

Data Processing and Analysis. All NMR spectra were
processed using the NMRPipe software Iz)ackage,25 with visuali-
zation and analysis achieved using Sparky.*® Peak intensities were
extracted using the program FuDA (http://pound.med.utoronto.
ca/software.html) and effective relaxation rates, R, g subse-
quently calculated according to the relation””

Ro wr(vermia) = —— ln<I(VCPMG)) (1)

Trelax I o

In eq 1 I, is the intensity of a peak in the reference spectrum
recorded without the CPMG relaxation delay and I(Vcpme) is
the corresponding peak intensity in the spectrum measured at a
frequency of Vcpymc.

N (*HY) dispersion profiles from the FF domain were included
in the analysis described below so long as R, .q(Vcppic=0,18.8T) —
Ry eif(Vepma—00,18.8T) > 1.5s~ " (35~ ). Criteria for inclusion of
data from T4L are as described previously.'” In cases where both
>N and 'H" dispersion profiles were included in fits (so that
A@(N) # 0 and A@("HY) # 0) values of Gsq — Dpq were
also added.

Global exchange parameters, k., and pg, along with residue
specific values for A@ and the intrinsic transverse relaxation rates
R, oa(Vcpm—00) were obtained by minimization of a 5 function

2
M M)

P = vi(

using an in-house written program that is available upon
request. In eq 2 M;™® is an experimentally measured relaxation
or shift value (Rya(Vcpma) or Dsq — Omq), M is the
corresponding calculated value, 0; is the error in the experi-
mental measurement estimated from repeat experiments, and
the summation is over all (N) experimental data points.
Values of R,.s(Vcpmg) were calculated by solving the
Bloch—McConnell equations28 as a function of ke, pg, A®,
and R, .¢(Vcppg—00) assuming ideal refocusing pulses and a
two-state exchange process. Chemical shift differences, Wgq —
(mq, were obtained by diagonalization of the Bloch—McConnell
exchange matrix with the peak positions of the exchanging states
given by the complex part of the eigenvalues that are obtained with
Ad = Aay (HSQC) or by averaging over shifts calculated with
Ad = Ady + Aoy (HMQC).

In total (12,12,10), (12,30,9), (6,12,3) N, 'H" dispersion
profiles and Wgq — Wyq values were included in the analysis for
L99A,G113A,R119P T4L (out of a total of 160 non-Pro residues
in the protein), [44A,V67A FF (all data; 68 non-Pro residues in
the protein), and 144A,V67A FF (A& (°N) < 3.5 ppm or
AG("HY) < 035 ppm; 39 non-Pro residues), respectively;

(2)

Oj
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reduced XZ values of 0.7, 0.9, and 0.7 were obtained in the fits,
providing confidence in the simple two-state exchange model
that has been used in the analysis. As the exchange time scale
increases toward fast exchange and dispersion profiles approach
linearity, the validity of the two-state approximation does be-
come more difficult to substantiate, unless exchange rates in a
multistep fast exchange process are significantly different.” In
the present study we have restricted Vcpyg to <1 kHz (*°N) and
2kHz ("H"); however, higher values can be used that will further
increase the deviation from linearity, improving the accuracy of
extracted k., values and allowing for a better assessment of the
efficacy of two-state fits of the data.

Errors in the fitted parameters were estimated using a
standard bootstrap procedure®® whereby a set of 2000 data
sets was generated from the original experimental data.
Each new data set was created in the following way. All k
R, a(Vepme) values in the original data set were assigned a
number between 1 and k, a random number p was selected such
that 1 < p < k, and data point p was retained in the new data
matrix. A similar procedure was employed for the Wgq — Wmq.
values. In this manner a data set is obtained with the same
number of experimental points as the original parent (same
number of R .¢(Vcpmc) and Dsq — @piqvalues) but where any
original value can be represented several times or left out. Each
of the 2000 bootstrap sets were fit, as the original data, and the
distribution of k., pr, A® and R, .g(Vcpmg—00) values used
to estimate errors and to establish whether robust parameters
could be obtained from the experimental data. All calculations
were carried out on the GPC supercomputer of the ScINet
HPC consortium with each bootstrap calculation (2000 data
sets) taking approximately two hours.

B RESULTS AND DISCUSSION

Correlation between Exchange Parameters as the Ex-
change Time Scale Increases. The underlying goal in relaxation
dispersion NMR studies of exchanging protein systems is to
extract accurate values of exchange rates, populations of ex-
changing states and chemical shift differences between nuclei in
the interconverting ground (G) and excited (E) conformations.”

In the case of a two-site exchange process, G,;_E—iE, this corre-
sponds to the global parameters, ko, = kgg + kgg and the
population of the excited state, pr (=1 — pg), as well as
Awgg = wg — wgwhere w; is the chemical shift of a nucleus in state
j (j € {E,G}), and intrinsic relaxation rates for each exchanging spin.

The chemical shifts of the excited state resonances are of
particular interest to our laboratory because these can be used to
obtain detailed structural information. To improve the accuracy
of the extracted parameters, dispersion profiles are typically
recorded at a number of static magnetic fields.”'®'® Because
chemical shift differences scale linearly with the magnetic field,
the exchange time scale is modulated; residues with large k../Aw
values at low magnetic field, and hence in the “fast” exchange
regime, are “slowed down” by performing the experiment at
higher magnetic field (smaller k.,/Aw). Ideally, an exchanging
system should comprise nuclei with a distribution of k./Aw
values, with many in the range 0—2.

Figure 1A shows such a distribution for the L99A cavity
mutant of T4 lysozyme (L99A T4L) that exchanges between
ground and excited states, 25 °C,"31 with the global exchange
parameters pg and k., obtained from a bootstrap analysis of the

dispersion profiles plotted in FIi\gure 1B (see Materials and
Methods). Both "*N*"** and "H" ** profiles recorded at static
magnetic field strengths of 11.7 and 18.8T are included in the
analysis. It is clear that well-defined values of (pg, ke,) are
obtained, centered about (3.54%, 1300 s~ '), consistent with
expectations based on the underlying k.. /Aw profile. Not
surprisingly, precise values of A are also obtained, as shown
for 129 in Figure 1C (*°N, 3.79 & 0.05 ppm).

In contrast, the situation is different in the case of a triple
mutant of T4 lysozyme, L99A,G113A,R119P T4L, which inter-
converts approximately 4-fold faster than L99A T4L at 20 °C.
Here the distribution of k../Aw values is decidedly shifted
to larger values, Figure 1D (compare with Figure 1A), and
the corresponding (pg, k) distribution is much less well-
defined, with pg values extending from 0 to 50% (values greater
than 50% are not allowed in the minimization process),
Figure 1E. Precise residue specific A@ values can no longer
be isolated from fits of dispersion profiles, with A correlated
stronlgly with pg (see below), as shown in Figure 1F for
A (PN) of 129.

The difficulties with extracting robust measures of pg and Aw
as the exchange time-scale increases are well documented in the
literature. For example, Luz and Meiboom showed close to 50
years ago that in the fast exchange (k.,/Aw > 10), slow pulsing
(Yepma < 0.1 key) limit, Ry oq(Vepme) varies as®

v Aw)?
Ry et (Vepmg) = <1 4 CkPMG>PGPEk( )
+ Ry ett(Vepmg — 0) (3)

Even when R, .e(Vcpmg—00) can be estimated accurately, pg
(or pg) and Aw remain coupled, precluding extraction of
accurate chemical shift differences.

For exchanging systems that are not in the “true” fast regime,
such as L99A,G113A,R119P T4L where k./Aw values are >1.9
(with the majority 3—4 or greater, but less than 10, Figure 1D),
itis still difficult to obtain accurate values of pr and Aw from fits
of dispersion profiles exclusively, Figures 1E,F, even when
reasonably accurate k., values can be fit. One approach might
be to record additional dispersion data sets at a higher static
magnetic field strength that effectively increases Aw so that the
ratio k../Aw is decreased; in the case of L99A,G113A,R119P
T4L the values of k.,/Aw in Figure 1D are for 18.8T, currently
the highest field available to us so that this is not an option. A
second approach involves manipulation of k., through tem-
perature, for example. In cases where the exchange process
involves large activation enthalpies, it may be possible to
decrease k., so that it falls within the ~100—2000 s~ * window
that is generally amenable for CPMG studies. However, in
many systems this is not possible. The goal in these cases
becomes, therefore, to break the correlation between pgy and
Aw by an additional measurement that depends on the
exchange parameters differently than transverse relaxation
rates. We have recently shown through simulation that a
combined analysis of relaxation dispersion profiles and chemi-
cal shift data obtained by a divided evolution (D-evolution)
experiment® in which peak positions in spectra shift as the
effective exchange time regime is varied could be used to obtain
robust measures of exchange parameters in cases of slow
chemical exchange35 (k. values on the order of 20—50 s™!).
In this limit there is a pronounced correlation between pg and
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Figure 1. As the exchange time scale increases, the exchange parameters extracted from CPMG relaxation dispersion data become less well-defined.
(A) Histogram showing the distribution of k,/Aw values (18.8T) for "N and '"H™ nuclei of L99A T4L, 25 °C. Only values <10 are shown. The dis-
tribution extends over a wide range of values, with many residues in slow-intermediate exchange. (B) Distribution of (pg, k., values, centered at (3.54 +
0.04%, 1300 £ 20's '), obtained from a bootstrap analysis of >N and "HY CPMG relaxation dispersion data sets recorded at 11.7 and 18.8T. Each bin of
the two-dimensional histogram is colored according to the fraction of points that lie in it and projected along X (above) or Y (right-hand side) axes; the
fraction of points in each bin can be read from the scale on the axis at the far right. (C) Distribution of (pg, A®) for Ile 29 obtained from the bootstrap fit
of the dispersion data. (D) —(F) correspond to (A)—(C) but for the protein L99A,G113A,R119P T4L, 20 °C, which interconverts between ground and
excited states with a rate approximately 4-fold faster than L99A T4L. Note that it is no longer possible to define either pg (E) or A@ (F) values from
simultaneous fits of '*N and 'H" CPMG relaxation dispersion data sets recorded at 11.7 and 18.8T.

key in fits of either dispersion data sets or D-evolution
chemical shift profiles alone. Such a divided evolution scheme
cannot be used in cases of moderately fast exchange, con-
sidered here, because prohibitively high radio frequency
pulsing rates would be required to shift peak positions. We
show below, however, that a combined quantitative analysis

14894

of relaxation dispersion profiles and ground state chemical
shifts measured as a function of static magnetic field or as a
comparison of peak positions recorded in HMQC/HSQC
data sets facilitates the extraction of accurate values of pg and
Aw that are otherwise coupled for systems that exchange in
the moderately fast regime.
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Figure 2. Chemical exchange induced broadening (red) and shift
(blue) of the major state peak scale differently with static magnetic field
strength. Plots of the parameters  and [ as a function of k./Aw,
calculated using eqs 8 and 9, respectively.

Consider a nucleus attached to a system undergoing confor-

mational exchange between states G and E, G%E, as described
above, with pg << 1. In this limit expressions for exchange
broadening, R.,, and for the exchange induced shift of the
observable line, J.,, are given by

AR AR A >
. EG (1 n : EG) n < Z)EG>
1{ex — kGE ex exX exX (4)

AREG 2 ACUEG 2
1
( s ) "k
(AC{)EG>
kex
S
1+AREG 2+ AC{)EG 2 (>
kex kex

where ARg = Rg — R¢ and R; is the intrinsic relaxation rate of
i € {E, G}. Equations similar to these have been derived
previously,”* but the present relations are slightly more accurate
for |ke/ Aw| ~ 2 that is of interest in the studies considered here
where the exchange time scale is between intermediate and fast.

In this limit and assuming further that ARgg = 0, eqs 4 and S
simplify as follows,

A A >
RexszAwEG< Z)EG> (1 - ( Z)EG) ) (6)
A 2
6ex NPEAQ)EG <1 — ( Z)EG) > (7)

and the different dependencies of R, and O, on Awgg, k., is made
clear. The differential dependence of relaxation rates and chemical
shifts on exchange parameters can be further appreciated by con-
sidering expressions for how these vary as a function of magnetic
field strength. Millet et al. have shown™ that assuming ARgg = 0

k 2
2( ex )
dIn Ry — = ACUEG (8)

dIn B, ) Kex 2
* Awrg

6ex = kGE

In a similar manner, starting from eq §, it follows that

dlngex_ﬁ_ -2
dlnB, ( key >2 (9)
1+

AC()EG

where 0, is the exchange induced shift of the ground state peak
measured in ppm and B, is the static magnetic field. Flgure 2
plots & and /3 as a function of k.,/Aw. As discussed previously,*®
a varies between 0 (slow exchange) and 2 (fast exchange) and
provides a measure of the exchange time scale; in contrast,
p ranges from —2 in the slow exchange limit to 0 in fast exchange.
For small changes in B, (from B, — AB to B, + AB) it follows
directly from eqs 8 and 9 that

B, + AB\*
Rex(Bo + AB) - (m) Rex<Bo _AB) (10)
Su(Bo + AB) — (Bo T AB ﬁS (B, — AB (11)
ex( o ) - BO—AB ex\Po )

where Aw in @ and f3 is evaluated for a static field of B..
Equations 10 and 11 establish that the static field dependencies of
R, and AJ,, are very different because o and 3 depend on the
exchange parameters in different ways. Previously, Skrynnikov
et al. showed that it is possible to obtain the signs of Aw and
hence the chemical shifts of the excited state by qualitative
comparison of ground state chemical shifts recorded at two or
more static magnetic fields, Ad.,, or by comparing chemical
shifts obtalned from single and multiple-quantum data sets,
Dsq — CUMQ * The above discussion suggests, however, that
AJ. or sq — Wpq can be even more useful. Because chemical
shifts and relaxation rates are influenced differently by chemical
exchange, a combined quantitative fit of dispersion profiles and
Ad,, or Wgq — Wpq values provides an avenue for separating
exchange parameters that would otherwise be correlated as the
exchange time scale increases.

Breaking the Correlation by Combining Relaxation Dis-
persion Data and Ad., Or @sq — mq. We have carried out a
combined fit of "N and "H" relaxation dispersion profiles
and Wgq — Wyq values recorded on the L99A,G113A,R119P
T4L exchanging system at 11.7 and 18.8T, 20 °C. As described
above, fits of the relaxation dispersion data exclusive of Ad,, or
(Dsq — Dpiq resulted in a broad distribution of (pg, key) values
and ill defined chemical shift differences between exchanging
states. In contrast, the combined fit (see Materials and Methods
for details) results in much better defined global exchange
parameters, Figure 3A (compare with Figure 1E). Not surpris-
ingly, excellent agreement is obtained between calculated and
experimental Wgq — Wnq, Figure 3B, because these values were
used in the fit. Although it is clear that much more precise values
of exchange parameters are obtained in the combined analysis of
Figure 3A, the accuracy of these parameters, including the
extracted chemical shift differences, A®w, must be established.
In this regard L99A,G113A,R119P T4L is a particularly good
system to evaluate our methodology because the exchange rate
can be significantly manipulated by small changes in temperature
and it is this property in particular that prompted us to use it as a
model system for part of this work (see below). As discussed
above, however, there are many exchanging systems for which
such manipulations are not possible and where the exchange
regime is moderately fast over the range of temperatures that can
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Figure 3. Simultaneous fits of CPMG relaxation dispersion data and wgq —
g values lead to robust estimates of pr and A@ values for LO9A,G113A,
R119P T4L,20°C. (A) (pg k) distribution (centered at (3.6 £ 0.6%, 6100 &=
350 s7")) obtained from a combined bootstrap analysis of "H" and '*N
CPMG data and g — Wpiq values, establishing that both k, and pg can be
determined very precisely. As in Figure 1, each bin of the two-dimensional
histogram is colored according to the fraction of points that lie in it. (B) Linear
correlation %ot of measured and calculated @gq — Wpq values. (C) Fitted
>N and "HY A values are in good agreement with reference chemical shift
differences obtained from an analysis of CPMG relaxation dispersion data
recorded at 15 °C where k., is smaller (~3870 s ' relative to ~6100's ).

be reasonably studied. For these systems it is not possible to
extract meaningful A®@ values or exchange parameters and the
methodology presented here becomes critical.

Figure 3C shows that a good correlation is obtained between
the °N and 'HY A@ values extracted from the combined fit
(X-axis) and the corresponding reference A@ values (Y-axis).
Here the reference shifts were obtained from fits of relaxation
dispersion data sets recorded at alower temperature (15 °C) where
key is appreciably smaller (3870 £ 100s™ ' vs 6100 £ 3505~ ') so
that accurate values could be obtained using the dispersion data
exclusively. The small deviations between *N/"H™ A values in
the correlation plot of Figure 3C cannot be attributed to the
differences in the temperatures (20 and 15 °C) at which the
dispersion experiments were performed because amide tempera-
ture coefficients are on the order of 0—10 ppb/K for "HY
(average of 18 ppb/K for "N measured in ugibuitin).>’ >’
Rather, they most likely reflect errors in the measurements
themselves. In any event these errors are well within the accuracy
of predicted "N/"H" shifts from structure** so that the excited
state chemical shifts obtained from them can be used reliably as
restraints in structural studies.

It is worth re-emphasizing that as the exchange time scale
approaches the fast limit the terms in the product pppcAw” (see
eq 3) cannot be separated. Thus, for pg ~ 1, as in the examples
considered here, the extracted value of Aw, is related to the
correct value, Aw,, by

Aw, = p—fAcue (12)
Pe

where pg and pg, are the fitted and the actual (correct) values of
the excited state population, respectively. The fact that accurate
Aw values are obtained by the combined relaxation/shift analysis
(Figure 3C) indicates that an accurate pg value has also been
isolated from the fit (Figure 3A). ~

As a final note, we have also recorded A0, values in the hope of
using these to break the correlation between py and Aw. Whereas
combined fits of dispersion and Ad., data do indeed show that PE
and Aw are no longer coupled, the correlation between calculated
and experimental A0, values was not as good as the correspond-
ing plot in Figure 3B that is based on @sq — Wmq values. Of
course, values of AQ,, are obtained from measurements at a pair of
magnetic fields and it is critical that parameters, such as sample
temperature, be adjusted to be as close as possible for each
experiment. Small temperature variations between different in-
struments is the likely explanation for the difference in quality of
the Ad., and Wgq — Wyq correlations described above. In this
context we have noted in an application involving another ex-
changing protein system that even a very modest (0.2 °C)
temperature miscalibration between spectrometers can lead to a
noticeable change in Ad,, (Supporting Information Figure 1).
Because Wgq — Wnq is obtained as a difference based on
measurements recorded on the same spectrometer, this is much
less of an issue, even when values at multiple magnetic fields are
used. For this reason we favor chemical shift data from HMQC/
HSQC measurements in fits with the relaxation dispersion curves,
although for obtaining signs of Aw, where only a qualitative
analysis is required, both Ad., and @Wgq — Wnq are extremely
useful *

Range of Applicability. Results from the L99A,G113A,R119P
T4L exchanging system clearly show the utility of simultaneously
fitting transverse relaxation rates and @gq — Wpmq values. As a
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Figure 4. Histogram showing the distribution of k../Aw values (18.8 T)
for '*N and "H" sites of the 144A,V67A FF domain. Only values <10 are
shown. Although k. is substantial (~ 5650~ 1), Aw values can be large in
this exchanging system so that a minimum ke,/Aw of ~1.4 is obtained.

further illustration, we have used a second protein system, the
144A,V67A FF domain,” that exchanges between an on-pathway
folding intermediate and the folded state with k., ~ 5700 s,
36 °C. Although the interconverting states of the FF domain
share many structural features there are also some very significant
differences* leading to large Ad values. For example, A& (*°N) >
4 ppm for four residues whereas A@("H™) > 0.4 ppm at 17 sites.
As a result, the k.,/Aw distribution is not as skewed as it might
otherwise be, Figure 4, certainly much less than for the L99A,
G113AR119P T4L system. For example, in contrast to T4L
where k.,/Aw < 2 and 2< k. /Aw < 3 at only one and 4 sites,
respectively, for the FF domain there are 8 and 14 sites within
these ranges. The increased uniformity in and the larger dis-
tribution of k./Aw values for the FF domain translates into
more robust fitted exchange parameters.

Not surprisingly, therefore, when **N and "H" dispersion data
recorded at 11.7 and 18.8T are fitted together (without dgq —
riq), well-defined (pgke,) values are obtained, Figure SA,
centered at (2.1%, 5660 s~ ). The importance of dispersion data
recorded at a pair of static magnetic fields is made clear by the fact
that the exchange parameters are less well-defined when profiles
recorded at 18.8T alone are fit, Figure 5B. In this case, by
recording data over a range of magnetic fields the exchange time
scales for some of the residues are varied, as those with large Aw
values are in the moderately slow exchange regime at higher field
(18.8T), whereas they are shifted to faster exchange at lower field
(11.7T). Thus, complementary information is obtained from the
two-field data sets. Notably, if all residues were already in the
moderately fast exchange time scale at 18.8T, then shifting to
lower field would have provided no new information. When the
dispersion profiles recorded at 18.8T are fit together with '*N
(Dsq — Dprq values (also recorded at 18.8T, inset to Figure SC), a
well-defined (pgk.,) distribution is obtained, Figure SC. The
center of this distribution is at (2.2%, 5700 s~ "), much like for the
case when dispersion data sets recorded at 18.8T and 11.7T were
analyzed simultaneously (Figure SA). Thus, the “orthogonal”
information content of dispersion data and Wgq — Wyq values
parallels in some sense that in dispersion profiles recorded at
multiple fields. Moreover, this result suggests that, when only a
single static magnetic field is available for measurements, a
combined analysis of dispersion profiles and exchanged induced
chemical shift differences can provide reasonable estimates of

(P, kex) values.
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Figure S. Values of @gq — (yq are complementary to CPMG transverse
relaxation rates. (A) Bootstrap analysis of >N and "H" dispersion profiles
recorded on the 144A,V67A FF domain (11.7, 18.8T), 36 °C. A well-
defined (pg, k.,) distribution (centered at (2.1 % 0.1%, S660 £ 100 sh)
is generated that is in contrast with that obtained when only the 18.8T data
are included in the analysis (B). (C) Combined fits of the 18.8T dispersion
data and @sq — @mq values significantly increase the precision of the (pg,
key) distribution ((pg, key) = (2.2 & 0.1%, 5700 + 100 s~ *). Shown in the
inset is a linear correlation plot of experimental and fitted Wsq — Wnmq.
values. Details of the histograms in the figure are as per Figures 1 and 3.

It should be emphasized that wgq — Wyq values are readily
measured and are necessary for obtaining the signs of
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each panel.

heteronuclear A® values, where they are interpreted qualitatively,
along with Ad,,.** Using @sq — @pq values in a quantitative
sense, as we have done here, thus requires no additional measure-
ments, althou%l, because they depend on both A@("°N) and
Ao(*HY), 'H dispersions must be recorded in addition to "°N
profiles. This is done as a matter of course in studies of ex-
changing systems in our laboratory.

To assess the exchange time-scale range over which accurate
exchange parameters can be extracted, we next eliminated all
144A,V67A FF domain dispersion profiles derived from residues
with A@(**N) > 3.5 ppm or A&('H") > 0.35 ppm. In the
resulting data set only residues with ke,/Aw = 3.3 remain, a
lower limit that is significantly larger than in the other examples
considered to this point, providing a more stringent test of the
methodology. Dispersion profiles for the four residues with the
smallest k../Aw values (corresponding to the sites with the
slowest exchange time-scales) are shown in Figure 6, with
kex/Aw for each indicated in the upper right-hand corner. Note
that all of the '*N curves are linear, as expected in cases of
moderately fast exchange and relatively slow pulsing (eq 3). In
contrast, the "HY dispersions were obtained with Vcpyg values
up to 2 kHz (relative to 1 kHz for "*N) and the profiles show
some deviation from linearity that is critical for the extraction of
accurate k., values, as least in cases where R, (¢(Vepmg—00)
rates are not known from other experiments.™”

Fits of the subset of N and "HY dispersion profiles with
A@("*N) < 3.5 ppm or A& ("HY) < 0.35 ppm did not produce
accurate values of (pg, k.y), as can be clearly seen in Figure 7A.
The majority of extracted pg values are approximately 0.5,
which is an artifact of the fitting program. In contrast, when
Wgq — Wmq values are included, the fits converge and well-
defined global exchange parameters are obtained, (pg, key) =
(2.1 £0.3%, 6330 2205~ "), Figure 7B, that are in reasonably
good agreement with those extracted from the complete set of
dispersion profiles (2.1 £ 0.1%, 5660 & 100 s '), Figure SA.
Notably, only three sets of Wgq — Wpq values have been used:
those from residues Asn 33, Met 42, and GIn 66 (11.7 and
18.8T) that are at least 3 ppb in size, ranging up to approxi-
mately 8 ppb. Because nonzero wsq — Wnq values are only
possible when A@(**N) # 0 and A ("HY) # 0, it is necessary
that both *N and 'HN dispersion profiles show a vcpumg
dependence. Although only three residues satisfy these criteria,

14898

inset to Figure 7C, it is sufficient in this case to extract reason-
ably accurate values for both pg (Figure 7B) and A®d
(Figure 7C, where the reference values are those from the
complete dispersion data set that comprises all residues includ-
ing those with A@("°N) > 3.5 ppm or A& ("HY) > 0.35 ppm).
The small but systematic overestimate in the extracted
A& ("N) and A@('HY) values (maximum of 0.32 and 0.022
ppm, respectively) results from the overestimation of k., by
approximately 10% when only the subset of dispersion profiles
is fitted. These errors are well within the tolerance of chemical
shift prediction programs*® and would not be problematic in
structural studies of excited protein states.

We have also extended our analysis to a further subset of
residues where A@("°N) < 3.0 ppm or A@(*H") < 0.30 ppm,
corresponding to a ke,/Aw distribution that has a minimum
value of 4.3. In this case, however, Wgq — Wnq from only a single
residue could be used and it was not possible to extract mean-
ingful exchange parameters or chemical shift differences.

Uniqueness of the Measurements. As a final note it is of
interest to compare the methodology presented here with R;,,
measurements that have traditionally been used to study
exchanging systems interconverting on a time scale that is
more rapid than that amenable to a “standard” CPMG analysis.
In this exchange regime R, dispersion profiles are fit to extract
ke and per-residue values, ® = popg(Aw)?. Populations and
chemical shift differences are thus correlated, as discussed
above in connection with the extraction of parameters from
CPMG data in this limit. When k., is less than approximately
2000 s, it has been shown experimentally, building on the
elegant theoretical studies of Palmer and co-workers,*’ that it is
possible to extract robust exchange parameters and chemical
shifts from a series of off-resonance R,, measurements using
weak spin lock fields.***° In this exchange window, of course,
similar information is available from analysis of CPMG dis-
persion curves, with the exception that unlike the R, profiles
that are sensitive to the sign of the chemical shift difference,
only the absolute value of Aw can be extracted from fits of
CPMG data. To our knowledge, separation of chemical shifts
and populations using any type of R, experiment (on- or off-
resonance) for systems with exchange properties similar to
those studied here (k. on the order of 6000 s ' or larger) has
not been demonstrated experimentally. In any event it is quite
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Figure 7. Excited state chemical shift values and pg can be extracted
from combined fits of dispersion data sets and Wgq — Wnq, even under
conditions of moderately fast exchange. (A) Bootstrap analysis of N,
"HN CPMG relaxation dispersion data (11.7, 18.8T) from a subset of
residues in the 144A,V67A FF domain, 36 °C. N (‘HY) data were
included only if A& (**N) < 3.5 ppm (A@(*HY) < 0.35 ppm), so that
a minimum in the k. /Aw distribution (18.8T) of 3.3 is obtained.
(A) The dispersion data alone are not sufficient to define pg. (B) In
contrast, addition of even a modest number of Wsq — Wyq points
(inset to C) leads to a much better defined (pg, ko) distribution
(2.1 £ 0.3%, 6330 & 220 s~ ") as compared with (2.1 % 0.1%, 5660 &
100 s ') when all data are included, irrespective of Ad(**N),
A@('H). (C) Ad values from the combined dispersion, WDsq — Dmq
analysis for the subset of residues with k./Aw(18.8T) = 3.3 are in
reasonably good agreement with the reference chemical shift differ-
ences that were obtained when all of the CPMG data were included in
the fits (that defines pg, Figure SA). As in Figures 1, 3, and S, each bin of
the two-dimensional histogram is colored according to the fraction of
points that lie in it.

clear that the strategy of recording simple HMQC/HSQC data
sets to resolve the correlation is much more straightforward
and significantly less time-consuming.

B CONCLUDING REMARKS

We have shown that a combined quantitative analysis of both
transverse relaxation rates and exchange induced chemical shifts
can extend the window for which accurate exchange parameters
can be obtained by CPMG relaxation dispersion NMR spectros-
copy. The utility of this approach has been investigated for L99A,
G113AR119P TA4L that is in the moderately fast exchange
regime, k.,/Aw > ~2 for all residues (18.8T; median k.,/Aw =
4.4 for all sites considered) for which accurate exchange para-
meters could not be extracted from analysis of multiple-field
dispersion data (11.7, 18.8T) alone. Addition of Msq — Dnmq
values, however, leads to accurate estimates for pg and Aw. The
analysis has also been extended to the I44A,V67A FF domain.
Fits of dispersion data sets from a subset of residues with
ko/Aw > 33 (18.8T) yielded well-defined parameters only
when supplemented with Wgq — Wnq values. Additional ana-
lyses on data sets that include only residues exchanging on faster
time scales suggest that, at least in cases when data up to 18.8T
are analyzed, a lower bound of approximately 3—4 for k.,/Aw is
required. Because measurements of Wgq — Wy are performed
routinely to obtain signs of Aw, the approach does not require
additional experiment time and is easily implemented in the data
fitting procedure. This methodology extends the upper limit of
the exchange time scale that is amenable for study, increasing the
number of exchanging systems that can be analyzed by the
CPMG relaxation dispersion methodology as well as the robust-
ness of the extracted exchange parameters.
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