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ABSTRACT: A method for quantifying millisecond time scale

exchange in proteins is presented based on scaling the rate of
chemical exchange usinga 2D *N, "H" experiment in which °N
dwell times are separated by short spin-echo pulse trains. Unlike
the popular Carr—Purcell—Meiboom—Gill (CPMG) experiment
where the effects of a radio frequency field on measured transverse
relaxation rates are quantified, the new approach measures peak
positions in spectra that shift as the effective exchange time
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regime is varied. The utility of the method is established through an analysis of data recorded on an exchanging protein—ligand
system for which the exchange parameters have been accurately determined using alternative approaches. Computations establish
that a combined analysis of CPMG and peak shift profiles extends the time scale that can be studied to include exchanging systems
with highly skewed populations and exchange rates as slow as 20's~ .

B INTRODUCTION

Carr—Purcell—Meiboom—Gill (CPMG) relaxation disper-
sion NMR spectroscopy"> has become a very powerful method
for detailed studies of proteins that exchange between a highly
populated, “visible” ground state and one or more lowly popu-
lated and generally “invisible” excited states.’ ® As long as the
exchange rate is on the millisecond time scale and excited states
are populated at levels of 0.5% or higher, the effective relaxation
rates of the ground-state nuclei, R, .g can be modulated by the
application of a spin-echo pulse train where the intervals between
successive refocusing pulses, 27, are varied.? Subsequent fits of
the resulting dispersion profiles, R, .qvs Vcpmg = 1/(47), lead to
the extraction of populations of the exchanging states and rates of
exchange along with absolute values of the chemical shift differences
between the interconverting conformers.” Backbone chemical
shifts of lowly populated states are particularly valuable because
they provide an avenue for structure determination when used in
concert with robust computational database approaches such
as CS-Rosetta,” CHESHIRE,® and C$23D.” With this in mind,
optimized labeling methods and dispersion experiments tailored
to the type of label have been developed for measuring '*N
(refs 10—12), "HY (ref 13) *C* (ref 14), *CO (refs 15 and 16),
B3ch (ref 17), and "H® (ref 18) chemical shifts of excited states.
Recently, an atomic resolution structural model of a lowly
populated folding intermediate of an FF domain was published
based on chemical shifts and residual dipolar coupling values that
were measured by CPMG-based methods."”

CPMG and the related R, , class of experiments exploit the fact
that the effective chemical shift difference between exchanging
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spins can be modulated by applying a B, field of varying strength,
leading to quantifiable changes in transverse relaxation rates of
ground-state spins. It is also possible to imagine other types of
experiments, however, that focus instead on modulating the
resonance position of ground-state nuclei, which, like relaxation
rates, also depends on exchange parameters.””*" Fits of peak
positions, rather than transverse relaxation rates, then provide
measures of exchange rates, populations, and signed chemical
shift differences. Here we describe a divided evolution-based
pulse scheme that follows from earlier studies of Morris and co-
workers®* and subsequently Zhuravleva and Orekhov,” in which
each dwell point in the indirect detection period of a two-dimen-
sional HSQC experiment is separated by an element comprised
of a constant number of spin echoes. Modulation of peak positions is
achieved by changing either the ¢; dwell time, At (i.e, the F;
spectral width) or the time between successive refocusing pulses
in each spin-echo element or both in a manner outlined below.
The methodology is validated through studies of a protein—
ligand exchanging system that has been characterized previously
using CPMG experiments and that can be manipulated by the
addition of different amounts of ligand to generate spectra of the
“ground” (ligand-free) or “excited” (ligand-bound) states.”*
Excellent agreement is noted between the signed chemical shift
differences obtained from fits of peak positions and the corre-
sponding shift differences generated independently. It is shown
that in some cases the divided evolution (D-evolution) experi-
ment has important advantages over the conventional CPMG
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scheme. Moreover, simulations establish that a combined anal-
ysis of CPMG and D-evolution profiles can expand the exchange
time scale window that is amenable to study to include exchange
processes with rates as low as 20 s~ and populations of excited
states that are several percent.

B RESULTS AND DISCUSSION

Theoretical Considerations. To understand the underlying
o . . . 22,23 :
principles behind the D-evolution experiment ™~ for quantify-
ing chemical exchange, we consider a system exchanging between

two states

kas

=B

kBA
with pg << p, where p; is the fractional population of state j. The
evolution of magnetization during an interval of free precession can be

expressed as

d|My | | —ks—R kpa M (1)
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where M. = My + iMy, with M; the j component of magnetization,
Aw is the difference in chemical shifts between exchanging nuclei
(rad/s), and the intrinsic transverse relaxation rates of spins in both
states are assumed equal, R,. Without loss in generality, the
chemical shift of site A (i.e., the peak position in the absence of
chemical exchange) is set to 0. The time evolution of magnetiza-
tion can be readily calculated by integration of eq 1:

M () M (0
[M& ()] = oA lMﬁ <o>1

where A is the matrix on the right-hand side of eq 1. Chemical ex-
change introduces a shift in the resonance positions of the exchanging
spins so that in a simple pulse-acquire (90°—t) experiment the peak
position for state A is offset from its position in the absence of
exchange (w,, assumed zero in eq 1 above) in the amount®"*!

¢ _ Ao
1+C2 - kBA (3)

Equation 3 makes it clear that, as the exchange time scale
increases, from the slow exchange limit, ko, = kap + kpa <<
Aw, where Ad, X pappAw(key/ Aw)?, to the fast exchange limit,
ke > Aw and A, = (pp/pa)Aw, the peak position “migrates”
with a maximum in AJ,, under conditions of fast exchange.
Consider now the D-evolution scheme,”*** which differs from
the pulse-acquire experiment in that the detection of magnetiza-
tion occurs during a series of N equal periods, each correspond-
ing to a single dwell point (At = t/N), with each dwell separated
by an element of duration Tepmg, 90°(—At—Teppmg— )y With
Tcpmc = (—T—180°—7—),, Figure 1a. The choice of four echoes
per element is based on practical considerations: it ensures that a
minimum four-step phase cycle can be employed for the 180°
pulses that is necessary to avoid artifacts (see below). A D-evolution
scheme has been reported previously for chemical shift scaling® and
subsequently to narrow lines that are significantly broadened due
to chemical exchange.”® We show here that it can also be used in a
very different manner to modulate the position of peaks, which in
turn provides an avenue for measuring chemical exchange param-
eters. The modulation is shown in Figure 1b where the shift
of the resonance line of spin A relative to its position in the pulse-
acquire experiment is calculated numerically for a two-site
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Figure 1. (a) 1D version of the basic D-evolution scheme described in
the text (blue) along with a “standard” pulse-acquire experiment (red).
The detection of magnetization in the D-evolution scheme occurs during
a series of N equal periods, each corresponding to a single dwell point
(At=t/N), that are separated from each other by an element of duration
Tepmc = (—T—180°—7—),. The experimental parameter of interest is
the difference in positions of corresponding peaks in spectra obtained
with the D-evolution and standard experiments. (b) Simulated profile of
the relative >N shift of the major state (“A”) correlation in a two-site
exchanging system, A == B, calculated as the difference in the corre-
sponding peak positions in D-evolution and pulse-acquire experiments
as a function of Vepyg = 1/(47), with At = 0.5 ms. Parameters used
in the simulation are pg = 5%, kex = 300 s LAD =—2 ppm (**N), and
11.7 T. The black box on the x-axis highlights the range of vcpyg values
that are typically accessible experimentally, with the inset showing a
larger vcpyig range to emphasize the dependence of the relative shift on
Vepme- The dashed red line is calculated from eq S, as described in the text.

exchanging system described in the figure caption. We will show
subsequently that such profiles can be fit to extract exchange
parameters and signed chemical shift differences, in a manner
analogous to fits of CPMG dispersion profiles, although in that
case only absolute values of shift differences are measured. Our
immediate goal, however, is to present a qualitative description so that
the main features of Figure 1b can be understood “intuitively”.

The net effect of the scheme of Figure 1a (highlighted in blue)
on magnetization evolution can be calculated according to

M”; (Tepme + At)
M5 (Tepme + At)

= {exp(A7) exp(A"27) exp(AT)}” exp(AAL)

where 87 = Tcpmg and A* is a matrix obtained from A by
replacing iAw by —iAw. Analytical expressions for both the
major (visible) state peak position and the time dependence of
magnetization in terms of rates and chemical shift differences that
are valid for all 7 and At are complicated. However, it is straightfor-
ward to consider a pair of limiting cases, Vcpvg — 0 and Vepyg = 9,
even if such cases are not achieved in practice. In the case where
Vepmg 18 close to 0, T = (1/8)Tepag s large, and for 7 >>1/kyg,
1/kga, and 1/Aw, magnetization evolves during each of the 7 periods
according to eq 1. Since the application of each 180° pulse during
Tcpmic is equivalent to inversion of the sign of Aw for the subsequent
duration between pulses, the evolution frequency of M alternates
between £ (wa+ Ad.) (eq3) during this period, hence averaging to
zero. Thus, between successive dwell points there is no magnetization
evolution from exchange or chemical shift: it is as if Tpyi were set to
zero, although transverse relaxation does persist. As a consequence,
the D-evolution experiment produces no difference in the position of
peaks relative to the pulse-acquire scheme, and the relative shift is 0, as
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Figure 2. Contour plots showing the relative shift (ppb) between corresponding '*N peak positions in the D-evolution and the simple pulse-acquire
experiments, 11.7 T, as a function of A@ (ppm) and Vcpyg (Hz) for ke, values of 300 (a), 650 (b), and 1000 (c) s~ *. The dashed line in each plot

corresponds to Aw (rad/s) = ke,.

in Figure 1b for vcppg & 0. Of interest, a small oscillatory behavior in
shift is observed for low Vcpymg values in cases where Aw is large,
which is reminiscent of what is seen in relaxation dispersion profiles
under conditions of slow exchange. In the limit that vcppg = oo,
T and hence Tcpyyg approach 0, so that the CPMG element becomes
negligibly small compared to At. Thus, the experiment “reverts” to
a 90° acquire, and no relative shift is obtained either (inset to
Figure 1b).

Between the limiting cases Vcppg = 0 and Vepymg = oo, the
situation is more complex. However, here too the overall features
of the shift profile of Figure 1b can be understood by noting that
as Ycpme increases the effective chemical shift difference be-
tween exchanging states is scaled down, leading to an increase in
the time scale of exchange and hence a relative shift in peak
positions (but see below). Consider, for example, the case where
refocusing pulses are applied sufficiently rapidly so that 7 <
1/kag, 1/kga, and 1/Aw and further that At < 1/kg, 1/kga, and
1/Aw. Then, as shown previously by Zhuravleva and Orehkov,**
only the linear terms in the expansion of each exp(...) term in eq 4
above need be retained, and

M(T)

ME(T")
| 1= (kap + R)T kga T’ M (0) (s)
N kag T’ 1— (kpa +Ry)T' +iAwAt | | ME (0)

where T' = Tcpmg + At = rpAt, with rp = 1 + Tepmg/ At. Thus,
chemical exchange and chemical shift become “uncoupled” in the
sense that the former evolves for the complete time, T', while the
latter for only At, so that the chemical shift is effectively scaled to
zero during the Tcpmg period. Hence, relative to chemical shift,
chemical exchange has been sped up by the factor rp, thus
increasing the time scale of the exchange process. Since the
factors Tepymg and At can be varied somewhat (typically, 2 ms <
Tepmg < 7 ms and 0.5 ms < At < 2 ms in our applications), the
scaling factor rp is under experimental control; the goal is to
record a series of spectra with rp, varied to change the time scale
of chemical exchange. Noting that the maximum possible shift of
peak A (in a simple pulse-acquire spectrum) occurs in the fast
exchange limit, koG (see eq 3), the shift in peak position in the
D-evolution experiment relative to that in a standard 90° acquire
experiment must be smaller than kxgG[1 — 1/(1 + &%)]. The
maximum relative shift change (of corresponding peaks in
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D-evolution and 90° acquire spectra, Figure 1) occurs for a
nucleus in slow exchange in free precession (rp = 1), with
exchange effectively scaled into the fast regime as rp increases.
In practice the size of the relative shift will depend on the balance
between the length of the CPMG element (87) and the pulse rate
(scaling of Aw); nonzero shifts are obtained when the rate of
application of refocusing pulses is sufficiently fast to scale Aw
without being so fast to appreciably reduce the duration of the
element. Note that as ¥cppg — o the value of Tcpmg goes to 0,
rp — 1, and eq S predicts no relative shift, as expected. Equation
S is only exact in the fast-pulsing, small dwell time limit defined
above. However, it provides a reasonable approach for the
calculation of magnetization evolution as long as Vcppg is above
a certain threshold that in turn depends on the exchange
parameters. The dashed red line in Figure 1b plots relative shifts
calculated from eq S, while the solid red line is the exact shifts
from eq 4; for Vcpmg > S00 Hz the agreement is good.

Shown in Figure 2 are contour plots of the relative shift as a
function of A@ (ppm) and Vcpg for ke, values of 300, 650, and
1000 s ' (11.7 T field, At = 0.5 ms). The dashed black line in
each plot corresponds to Aw (rad/s) = k., Recalling that large
relative shifts are obtained for exchanging systems where the
exchange time scale is increased significantly by application of
the D-evolution scheme—that is, in cases where exchange is
slow/intermediate in the free precession limit—it is not surpris-
ing that the position of the maxima in all three plots occurs for
Aw > k. Further, as k., and A® increase, so too must Vcpyig to
maximize the relative shift since higher Vcpyg values are
necessary to scale the exchange into the fast regime.

The position of peaks in spectra can also be modulated in the
D-evolution scheme by varying the dwell time At, as illustrated
in Figure 3, where relative shift values are plotted vs vcpmg for
A@ =—1ppm (a), —2 ppm (b), and —4 ppm (c) and for several
values of At (0.5 ms, red; 1 ms, green; 2 ms, blue). From eq § it
becomes clear that as At decreases and Tcppg (or Vepmg) is
kept constant the effective exchange time scale increases, leading
to larger relative shifts. In practice, several values of At and
Vepmg are typically recorded.

Experimental Considerations. Figure 4 illustrates the
D-evolution-based pulse scheme for quantifying millisecond
time scale chemical exchange in proteins. It is shown below, by
simulation, that a combined analysis of D-evolution and CPMG
experiments provides a sensitive measure of exchange processes
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on longer time scales, with exchange rates as small as 20 s 'as
long as py is several percent. The pulse sequence is essentially an
SN—'H TROSY-based experimentz5 with the “standard” indi-
rect evolution period replaced by the D-evolution element>*’
that has been described above and with selection of the N
TROSY component prior to the t; evolution period achieved
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Figure 3. Relative shift profiles (ppb) as a function of Vcpyg (Hz) for
A@ values (**N) of —1.0 (a), —2.0 (b), and —4.0 (c) ppm and At values
of 2.0 (blue), 1.0 (green), and 0.5 (red) ms. All the calculations were
performed assuming an excited-state population of 5%, an exchange rate
0f 300 s, and an external magnetic field of 11.7 T.

using an S’E filter.** We have found that to generate high-quality
spectra, Tcpmg periods must be comprised of a minimum of
four echoes, (—7—1804—7—),, so that the refocusing pulses
can be phase cycled using an XYXY scheme. The “basic” four-
step echo can be further phase cycled according to an XY-16
scheme,”” as described in the Materials and Methods.

The use of a TROSY-based pulse sequence has an important
advantage over a non-TROSY experiment that could of course
also be constructed to include a D-evolution scheme. Although
the exchange time scale is scaled by the D-evolution scheme, eq S,
so too is the relaxation rate, leading to decreased resolution in
spectra. It is therefore clearly important that the intrinsic relaxa-
tion times of the probe nuclei be as long as possible, facilitating
the extraction of accurate chemical shifts. Extracting accurate peak
positions also depends on the signal-to-noise ratio of the data
sets.”® This can be improved through the use of highly deuterated
protein samples to eliminate amide proton—aliphatic proton scalar
couplings while simultaneously increasing intrinsic relaxation
times of both amide "*N and 'H spins by minimizing relaxation con-
tributions from protons external to the **N—"H" spin pair in
question.

Amide proton relaxation along with solvent exchange (referred to
as spin flips below) leads to the interconversion between TROSY
and anti-TROSY components,29 which can introduce significant
artifacts, even in the case of highly deuterated samples. In the case
of TROSY-based CPMG relaxation dispersion experiments,
Palmer and co-workers have introduced an element that effec-
tively refocuses the deleterious effects of TROSY/anti-TROSY
exchange, by inverting one of the two components in the center
of the CPMG element.*® Such a scheme is not practical here.
Rather, in the experiment of Figure 4 the >N TROSY magne-
tization component is selected by an S°E element®® that is
applied prior to the D-evolution period. We have shown pre-
viously in the context of CPMG dispersion experiments that the
effects of TROSY/anti-TROSY exchange can be minimized
using an approach whereby only the TROSY component is
selected at the start of the CPMG element.>' This works well for
the D-evolution experiment as well, as illustrated in Figure S. Here
simulated spectra are presented for a spin system undergoing
chemical exchange with k., = 300 s 'and pr = 5%, similar to the
parameters that are fitted experimentally for the ligand—protein
binding system considered below. The interconversion between
TROSY and anti-TROSY '°N magnetization components has
also been taken into account in the simulation by using an expression
similar to eq 1:

dv Arr K

= v

dt K A

H

15

N Llr |
C iy
g0 g1l g2

G_ |1 [ ]

Figure 4. Pulse scheme of the >N TROSY-based D-evolution experiment for measuring millisecond time scale dynamics in proteins by exchange-

induced shift modulation. Details are provided in the Materials and Methods.
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Figure S. Simulated F, ( SN) traces from a regular SN—'HY TROSY
data set (a) and a D-evolution TROSY spectrum (b; At = 1.0 ms and
Vepme = 300 Hz) for a spin system undergoing chemical exchange with
kee=300s 7, pr=5%,Ry=10 s~ !, and a static magnetic field of 11.7 T.
The black dots indicate the resonance positions of each of the TROSY
(Tr) and anti-TROSY (ATr) lines for both the ground (A) and excited
(B) states. The red spectrum in (b) corresponds to the case where the
TROSY component is not selected initially, while the blue profile is
obtained if the TROSY component is selected prior to evolution (as is
done in the experiment of Figure 4 using the S’E element). The inset
in (b) shows the case where the anti-TROSY component is selected
initially and allowed to evolve under the D-evolution scheme, with
selection of TROSY magnetization immediately prior to detection
(green), with the red trace of the main figure reproduced for compar-
ison. Note the increased line widths in the D-evolution scheme that
manifest from scaling of relaxation rates along with k.

where

—kap — Ry, —i7t] kpa
Amp = ’ -K
= kAB - kBA +iAw — RZ,Tr - 1.7'[]

0.5R¢ 0

K= 0 0.5R
In eq 6 R, R is the intrinsic transverse relaxation rate of the
TROSY magnetization component for an isolated "“N—"H"
spin system, J is the one-bond "*N—"H" scalar coupling con-
stant, Ry (set to 10 s ' in the simulations of Figure $) is the
TROSY/anti-TROSY exchange rate (spin-flip rate), and Axr, is
a matrix obtained from Ar, by replacing R, rr by Ry ary, the
corresponding transverse relaxation rate for the anti-TROSY
component, and —iz] by inJ. Thus, the exchange process
considered is essentially a four-site interconversion, although
not all sites interchange directly. Figure Sa shows the calculated
SN F, trace that would be derived from a “regular” TROSY
experiment along with the resonance positions of each of the
TROSY (Tr) and anti-TROSY (ATr) lines for the ground (A)
and excited (B) states (black dots). The corresponding simulated
D-evolution trace obtained using At = 1.0 ms and Vcpmg = 300
Hz is shown in Figure 5b. If the TROSY component is not
selected initially—as is the scenario in a typical TROSY
scheme—the red spectrum is obtained, which clearly shows a
shoulder close to the resonance position of the anti-TROSY
component. This shoulder derives from magnetization that is

ATr
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Figure 6. Schematic '*N spectrum illustrating the shifts of the Tr and
the ATr components of peaks A and B in an exchanging system, A == B
(b), with interconversion between Tr and ATr components, Ry 7 0 (c).
The case with no exchange (a) is shown as a reference. Chemical
exchange moves the TROSY and anti-TROSY components of state “A”
toward the corresponding lines in state “B”, and vice versa by an amount
AJ., while for Ry # 0 an additional shift of Ad for each line brings the
TROSY and anti-TROSY components closer to each other. The shifts
are additive in the case considered, but subtract when the relative
positions of peaks from states A and B are reversed. In the D-evolution
experiment both Ad., and Ay depend on At and Vcppg in addition to
the exchange parameters that they are sensitive to. In the illustrations it
has been assumed that k., > R;, and no attempt has been made to show
the exchange-induced contributions to the line widths.

initially of the anti-TROSY variety. It interferes with the accurate
quantification of the position of the TROSY component of the
major state and hence with the extraction of correct exchange
parameters. In contrast, when the TROSY component is selected
prior to the D-evolution element (blue curve) using an S°E
scheme as in the pulse sequence of Figure 4, for example, a
symmetric peak is observed centered at the position expected for
the exchange-modulated spin. As a further illustration of the
influence of the anti-TROSY component (when it is not initially
eliminated), consider the inset to the figure showing the case
where the anti-TROSY component is selected initially and
allowed to evolve under the D-evolution scheme, with selection
of TROSY magnetization immediately prior to detection (green). It
is clear that “contamination” from the initial anti-TROSY magnetiza-
tion covers a range of frequencies that includes the resonance
positions of the TROSY and anti-TROSY components and in
between. The F, trace from the D-evolution TROSY sequence
that omits the S’E element is shown in red (inset; identical to the
red trace in the main figure) for comparison.

The S’E element described above effectively eliminates the
asymmetric line shape issue that emerges from TROSY/anti-
TROSY exchange. However, this exchange also leads to a second
undesired effect—shifts of peak positions that cannot be
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Figure 7. (a—d) Experimental "*N relative shift profiles (circles) for Asp15, Asn16, Val32, and Asp34 of the Abplp SH3/Arklp peptide exchanging
system, along with A@ values extracted from the best fit to the data (solid lines). Data sets are recorded at a static field of 11.7 T for At = 2.2 (blue),
1.0 (green), 0.66 (yellow), and 0.5 (red) ms along with v¢pyg varying from 300 to 1000 Hz. Errors are shown by vertical bars. (e) F; (**N) traces for
V32, extracted from 2D spectra recorded with At = 0.5 ms, with (red dashes, Vcpyig = 1000 Hz) and without (black) the D-evolution element. The solid
red spectrum has been scaled (from the red dashed spectrum) to have the same intensity as the trace recorded without D-evolution, making the shift in

peak positions clear.

removed experimentally and that must, therefore, be accounted
for in the analysis of the data. This is illustrated in Figure 6, where
the four lines correspond to the TROSY and anti-TROSY
components of the exchanging states A and B. When k., > R
a situation that is very typically encountered, the effects of
chemical exchange (k.,) and exchange due to spin flips (K matrix
above) can be separated to excellent approximation by first
considering the much faster process that moves the position of
the major state toward the minor state (eq 3), Figure 6b, followed
by the slower process that repositions the major state TROSY
line toward the anti-TROSY component and vice versa,
Figure 6¢. In the case where the ground-state spin resonates
downfield of the excited-state spin (higher ppm for the ground
state), both exchange processes are additive, as illustrated in
Figures 6b,c, with a larger net shift obtained relative to the case
where R = 0. Conversely, a smaller shift is produced from these
combined effects when the relative position of the ground- and
excited-state peaks is reversed. It is noteworthy that the D-evolu-
tion scheme scales R, much like k., and R, (R:fff =rpRy), so that
the effective spin-flip rates can become substantial (Ry¢is 1.5 s
on average, for the exchanging system considered here at 25 °C
with a maximum of 8.5 s~ ' for D15; see below). Spin flips can be
taken into account in the analysis of experimental data using eq 6,
as has been done in the example that follows below.
Experimental Verification. To establish the utility of the
D-evolution method for quantifying chemical exchange, we have
considered an exchanging system described previously in which a
small amount of a peptide (a 17-residue fragment from the yeast
protein Arklp) is added to the Abplp SH3 domain.”* When a
small mole fraction of the peptide is included, the bound state is
only marginally populated, corresponding to the excited state,
with the ground state the peptide-free conformer. Experiments
can be recorded on this protein—ligand exchanging system under
these conditions and data analyzed to extract residue-specific
values of Aw. These values can subsequently be compared with
those obtained directly by recording spectra of ligand-free and
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fully bound SH3 domain to obtain some indication as to the
robustness of the experiment. Parts a—d of Figure 7 illustrate a
number of the D-evolution traces obtained for residues D15,
N16, V32, and D34 of the Abplp SH3/Arklp peptide exchang-
ing system (open circles), along with the best fits to the data
using eq 6 (solid lines; see the Materials and Methods). Here a
global model of two-site chemical exchange has been used, where
all residues satisfying certain criteria (see the Materials and
Methods) are included in the fit. In Figure 7e F, traces for V32
are shown, extracted from spectra recorded with At = 0.5 ms,
with (red dashes, Vcppg = 1000 Hz) and without (black) the
D-evolution element. Note the increased N line width
(decreased intensity, red dashes) that results from the D-evolution
scheme. To emphasize the relative shift, the trace from the
spectrum recorded with D-evolution is scaled to have the same
intensity as the black trace; the resulting upfield shift is clear. It is
worth reiterating that the sign of the chemical shift difference
between exchanging states is obtained for “free”, with negative
Aw values (wp — W, ie., excited — ground) for residues
D15 (a; A® = —2.2 ppm), N16 (b; A® = —0.8 ppm), and V32
(¢; A® = —7.0 ppm), while for D34 (d) A® > 0 (3.6 ppm). Note
that the relative shifts can be large in relation to the absolute shift
in the free precession limit (Ad.,, eq 3), where values of —8.1,
—11.6, —2.8, and 5.3 ppb are calculated for the four residues in
parts a—d, respectively, of Figure 7.

Even in cases where relative shifts are “large” they are less than
100 ppb (and often significantly less) so that care must be taken
in ensuring that accurate peak positions can be obtained. Here we
have used only well-resolved correlations that are fit using a
program that considers the complete 2D line shape (see the Materials
and Methods). Errors in peak positions are determined by the
covariance matrix method> so that the accuracy of extracted
frequencies can be established. For the set of 14 residues that
were analyzed to extract A@ values (using criteria discussed in
the Materials and Methods), the average error in peak position is
3.3 & 2.1 ppb for spectra recorded with At = 0.5 ms for which the
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Figure 8. Correlation plots of SN chemical shift differences, A@gitced,
obtained from analysis of D-evolution (a, ¢) and CPMG (b, d) derived
data sets recorded at 25 (a, b) and 5 (¢, d) °C vs A® values (excited —
ground) obtained directly from chemical shift measurements on samples
of the free and fully bound SH3 domain, A® pjet- D-evolution A
values were extracted from relative shift profiles recorded at 11.7 T for
At=2.2,1.0,0.66, and 0.5 ms and with Vcpys varying from 300 to 1000
Hz. CPMG A® values were based on fits of dispersion curves recorded
at 11.7 T (25 °C) and 11.7 and 18.8 T (S °C). The same net measuring
times were used in each class of experiments for each temperature.
Points in red are those for which the sign of the A® gjeq value is directly
derived from the fit, while points in blue were signed a posteriori using
the direct measurements.

scaling of the line width is largest and hence the signal-to-noise
ratio is lowest (average S/N = 260 £ 130, 25 °C). An alternate
estimate for the accuracy of peak positions can be obtained by
noting that for residues where A® & 0 ppm the extracted relative
shift values are expected to be independent of Vcpyg; rmsd
values of experimental peak positions as a function of ¥¢pyg for
five residues that could be quantified accurately and that are not
sensitive to ligand binding in the Abplp SH3/Arklp peptide
exchanging system are small, between 1 and 2.5 ppb. The fact
that errors are much less than the digital resolution (30 ms
acquisition time in #,) is consistent with previous studies of the
accuracy of peak picking in cases where line shape analysis is used
and high signal-to-noise data sets are evaluated.”®

Figure 8 illustrates correlation plots of A® values obtained via
D-evolution (a, c) and CPMG (b, d) methods vs A@® generated
directly from spectra recorded of the free or fully bound SH3
domain (A@ pjrect)- For the D-evolution data, values of A@ were
extracted from fits of relative shift profiles recorded at a static
magnetic field of 11.7 T for At values of 0.5, 0.66, 1.0, and 2.2 ms,
along with vcpyg varying from 300 to 1000 Hz as indicated in
Figure 7. Shift differences from the CPMG method were based
on fits of dispersion curves recorded at 11.7 and 18.8 T. The same
net measuring times were used in both classes of experiments
to make the comparison in Figure 8 as “fair” as possible. The

a D-evolution CPMG
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Figure 9. Surfaces of P(ppk.,) = exp(—y /ZX mm) from fits ofD evo-
lution (a) and CPMG (b) data sets recorded at § °C, where ¥’ is the
minimum of x* = > [(XZP — Xcakd(pB,kex,Aa))) /0] and X; is the
relative shift (a) or R, . (b).

correlation is excellent for both the 25 and 5 °C data, although
slightly worse at lower temperature. This may reflect the fact that
exchange becomes relatively slow at § °C, making it more difficult
to extract meaningful parameters. Values of (pg, ko) = (2.6 £
0.1%, 281 & 10 s ') and (2.5 & 0.1%, 298 & 10 s ') were
obtained from the D-evolution and CPMG approaches at 25 °C.
The agreement between exchange parameters extracted from the
D-evolution and CPMG data recorded at S °C, (pg, koy) = (2.6 =
0.1%, 151 +10 s ') and (1.9 & 0.1%, 230 £ 13 s '), res-
pectively, is less good. Note that the fraction of the ligand bound
would not be expected to vary significantly with temperature
given the high affinity of peptide for the SH3 domain®* (0.55 +
0.5 uM, 25 °C) and the low ligand concentration, while k., would
be expected to decrease as the temperature is lowered. The
(pp, key) values from the D-evolution data are thus physically
reasonable, while those from the CPMG approach are suspect.

To explore this further, we have fitted the D-evolution (a) and
CPMG (b) data sets recorded at S °C separately as a function of
(pBy kex)- Shown in Figure 9 is the resultant probability surface,
P(ppkey) (see the figure caption) where the optimal values of
(pBy kex) are those for which P(pg,k.,) is maximal. While there is
clearly some interdependence between pg and k., in both cases
that complicates extraction of accurate values, as is expected
when the exchange time scale is moderately slow (k., & 1505~ Y,
the correlation is clearly stronger in fits of CPMG profiles. In the
CPMG class of experiments only Vcpymg is modified, with the
exchange time scale effectively increasing as Vcpyig becomes larger.
In contrast, in the D-evolution scheme both Atand vpyg can be
varied, making it “easier” to increase the exchange regime—and
hence break/decrease the correlation between py, and k.. This is
one of the advantages of the D-evolution method over conven-
tional relaxation dispersion experiments.

Probing Slower Exchange Time Scales. A strong motiva-
tion for the development of complementary methods to the
CPMG relaxation dispersion experiment is to extend the window
of exchange that is amenable for quantification to include slower
time scales. To establish whether the D-evolution approach
might be suitable in this regard, we have carried out a set of com-
putations that compare this method with CPMG experiments for
small values of k... The D-evolution and CPMG schemes have
been evaluated separately and then together for an “in silico” system
exchanging with (pg, ex) (5%, 50s ), Figure 10a—e, and with
(ppy kex) = (5%, 20 s~ "), Figure 10f—j. In both the D-evolution
and CPMG simulations we have taken 15 residues from the
Abplp SH3/Arklp peptide exchanging system that give rise to
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Figure 10. Complementarity between D-evolution and relaxation dispersion measurements for slow time scale exchange. A two-site exchanging system
was simulated with (pg, k.,) = (5%, SO s 1),a—e or (pps key) = (5%, 20 s, f—j. The system comprised 1S “residues”, corresponding to those with the
largest relative shifts (D-evolution simulations) or largest dispersion profiles (CPMG) from the Abplp SH3 domain/Arklp peptide complex that was
studied experimentally, with A@ (**N) values taken directly from experiment. A total of 1000 synthetic D-evolution (11.7 T, At = 2.00, 1.14, 0.80, 0.62,
and 0.50 ms) and CPMG (11.7 and 18.8 T) data sets were calculated via a Monte Carlo process whereby Gaussian noise with the same magnitude
as the estimated experimental error (4 ppb, D-evolution; 0.3 s~ ', CPMG) is randomly added to the theoretical data. Examples of simulated D-evolution
and CPMG profiles for one of the residues (A@ = —1 ppm, corresponding to L49 of the Abplp SH3 domain) are shown in (a), (b), (f), and (g).
D-evolution and CPMG data sets were fitted independently (c, d and h, i) or together (e, j) to extract exchange parameters and chemical shift
differences, with the distribution of (pg, k.,) values and histograms of k., (right panel) and pg (top panel) as indicated. Correlation plots of AW picavg
(per residue A@ values averaged over all simulations, with error bars denoting 1 standard deviation) and A® py.; (the input A@) are shown in
the insets. In (a), (b), (), and (g), blue and red denote data simulated for static magnetic fields of 11.7 and 18.8 T, while in all other panels red
(blue) designate A® values where the sign was (was not) obtained correctly from fits of 99% of the data sets. Recall that sign information is not available
from CPMG data (blue in (d) and (i)).

either the largest relative shifts (D-evolution) or the largest
dispersion profiles (CPMG) and used the corresponding A®
values (obtained via direct measurement) and errors that are
obtained from experiment. Note that there is some but not
complete overlap between the D-evolution and CPMG sets of
residues at a given (pp, k.,) and the residues chosen do vary
between the two sets of (pg, k.,) that have been selected in the
computations. D-evolution and CPMG data sets are simulated
for these 1S residues to closely reproduce the experiment;

1942

D-evolution profiles are computed for At values of 2.00, 1.14,
0.80, 0.62, and 0.50 ms (11.7 T), while CPMG curves are
generated for fields of 11.7 and 18.8 T. The number of points
and profiles “chosen” is such that both D-evolution and CPMG
data would be recorded in similar measurement times. A total of
1000 data sets are generated via a Monte Carlo process whereby
Gaussian noise, with the same magnitude as the estimated
experimental error (see the discussion above), is randomly added
to the theoretical data,** and each of the 1000 data sets are fitted
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globally to extract (pp, k.,) along with A@ values for each
residue. Parts a and b (fand g) of Figure 10 show representative
simulated “relative shift” and CPMG profiles for Aw=—1.0 ppm
(corresponding to Leu 49 of the Abplp SH3 domain). Parts ¢
and d (h and i) plot (pg, key) distributions obtained from global
fits of the sets of D-evolution (c, h) or CPMG (d, i) profiles,
along with correlation plots of A@Wxic,avg (extracted from fits of
simulated data and reported as an average over all simulations,
with error bars denoting 1 standard deviation) and A@pj,e; (the
input A® ). It is clear that (pg, k.,) distributions are more accurate
when obtained from the D-evolution data. For example, from the
simulated data sets with (pg, ke,) = (5%, SO s~ '), values of
(P kex)avg = (5:2 £ 0.8%, 49 + 75~ ") and (11.0 = 8.6%, 39 &
25 s ') are extracted from fits of the D-evolution and CPMG
data, respectively. In a similar manner, for simulations with (pg,
kex) = (5%, 20 s~ ") the values for (pp, key)avg are (9.1 £ 7.3%,
204155 ') and (17.3 & 12.0%, 24 = 35s ). Further analysis
of the fits establishes that, while exchange parameters are more
robustly extracted from D-evolution data sets, values of Aw are
more accurate when obtained from fits of CPMG profiles. To
quantify the accuracy of extracted chemical shift differences, each
of the 1000 correlation plots, A@yc V8 A pirecy, has been fitted
to extract a slope; averages of 0.98 &= 0.12 and 1.02 & 0.0S are
obtained from the D-evolution and CPMG data generated with
(B, kex) = (5%, 50's™ "), while 1.03 £ 0.75 and 1.06 & 0.13 are
calculated when (pg, key) = (5%, 205 1). Although the average
values of the slopes are all close to 1, the substantial standard
deviation for D-evolution data when k., = 20 s~ ', in particular,
clearly indicates that at least some of the Aw values will be
determined incorrectly for small exchange rates. The very significant
complementarity between the two classes of experiments is made
clear in parts e and j of Figure 10, where the combined CPMG
and D-evolution data sets are fitted to extract very accurate
(15 kex) {(B) kex)avg = (5.0 £ 0.1%, SO £ 15 ') and (5.2 &
0.4%,20+ 15" ")} and A® (average slope of A yic Vs A® pigect
profiles 1.00 & 0.03 and 1.01 = 0.09 for (pg, key) = (5%, SO s )
and (pp, kex) = (5%, 20 s~ '), respectively) values. That such
accurate parameters can be obtained in the combined analysis
indicates that the (pg, ke A®;) surfaces generated separately
from fits of CPMG and D-evolution profiles are not collinear, despite
the fact that the (pg, k) curves in Figure 10 are similar. Further,
the simulations presented indicate that the pronounced correla-
tion between pp and k., that manifests in the slow exchange
regime can be very significantly broken by a combination of
CPMG and D-evolution experiments. This, no doubt, reflects the
fact that the contributions to R, . and the relative shift from slow
exchange processes are given, to first order, by pgke, and
papske(ke/ Aw), respectively, which depend in different ways
on pp and ke

Concluding Remarks. We have presented a new experiment
for quantifying millisecond time scale chemical exchange in
protein systems. The experiment is based on manipulation of
peak positions as opposed to transverse relaxation rates. Its utility
is highest where the exchange time scale can be “swept” from
slow/intermediate to fast. For large values of k., such that k., >
Aw, the exchange time scale is fast even without scaling and little
effect is observed. In contrast, for k., on the order of or smaller
than Aw, larger effects are noted. A range of exchange scenarios
is likely to be encountered in many exchanging proteins since
many different exchanging spins, with different A values, will be
involved. The goal of the present work has not been to develop a
scheme that replaces the CPMG experiment, but rather that

complements it. For example, (i) in the D-evolution experiment
the sign of Aw is obtained directly, unlike in CPMG data sets that
are only sensitive to |Aw|, and (i) simulations establish that more
robust measures of pg and k., can be extracted from D-evolution
data in cases where exchange is in the slow regime. This is borne
out experimentally by the Abplp SH3/Arklp peptide data at
5 °C, where (pg, kex) values are most certainly in error when
obtained from fits of CPMG profiles, while exchange parameters
from the D-evolution experiments are more reasonable. Inter-
estingly, accurate A@ values are obtained at 5 °C via both
methods, although simulations clearly establish that as exchange
rates become increasingly small A@ values from fits of CPMG
data are more accurate than from D-evolution profiles. A disadvan-
tage at present is that, unlike the CPMG experiment, which has
been successfully applied in studies of very high molecular weight
proteins and protein complexes,m’%*35 the D-evolution scheme
is limited to applications involving small proteins since intrinsic
line widths are scaled by the same factor as exchange rates,
decreasing spectral resolution. Put another way, the long net
effective evolution period, t; + Tcpmg, for each point places
limitations on the sizes of molecules that are currently amenable
for study, with an upper limit of approximately 10—1S kDa. It
may be that more sophisticated pulse schemes that place magnetiza-
tion along the z-axis for a fraction of the evolution period will
prove to be advantageous.36 Where possible, it seems likely that
analysis of some combination of both CPMG and D-evolution
data sets will be the most robust approach for obtaining accurate
exchange parameters and chemical shift values. A major result of
the present study, albeit only established via computation at this
point, is that a joint analysis of CPMG and D-evolution profiles
leads to an increase in the window of exchange processes that can
be studied in detail. Accurate (pg, ko) and A® values were
simulated for k., values as low as 20 s~ " (ps = 5%), which is an
approximate order of magnitude lower in exchange time scale
than is typically studied by CPMG relaxation dispersion. The
scheme presented here adds to a growing list of experiments for
quantifying chemical exchange in proteins to facilitate increas-
ingly accurate descriptions of excited protein states.

B MATERIALS AND METHODS

Sample Preparation. [U-""N,’H]Abplp SH3 domain was ex-
pressed and purified as previously described.** The final protein con-
centration used for NMR analyses was ~1.5 mM, in a buffer consisting
of 50 mM sodium phosphate, 100 mM NaCl, 1 mM EDTA, 1 mM
NaNj3;, 90% H,0/10% D,O, pH 7.0. Arklp peptide37 was prepared as
detailed in a previous publication®* and added to the Abp1p SH3 domain
sample to produce a complex with 2.5 =& 0.1% mole fraction bound peptide,
as established by "*N' CPMG relaxation dispersion experiments."!

NMR Spectroscopy

1. Pulse Sequence Details (Figure 4). "H and "*N 90° (180°) pulses
are shown as narrow (wide) black bars and are applied at the highest
possible power levels, with the exception of the "N refocusing pulses of
the CPMG elements (gray boxes) as well as the "*N 90° pulse preceding
the t, evolution period that are applied at a lower power level (~4.5
kHz). The 'H inversion pulse in gray is applied as 90°,—180°,—90°,
(ref38). The shaped 90° 'H pulses are water-selective (~1.5 ms). All
pulse phases are assumed to be x, unless indicated otherwise. The
refocusing pulses of the CPMG blocks of the D-evolution element
follow a standard XY-4 {x, y, x, y} phase cycle that is supercycled along
with each dwell time according to an XY-16 scheme,” ¢, = {X,Y,X, 7, Y,
X, Y, X, =X, =Y, =X, =Y, —Y, —X, —Y, —X}, where X = XY-4 and
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Y = YX-4. Thus, immediately after the first At, the cycle for the four
refocusing pulses is x, y, &, y, corresponding to the first X in ¢,. After the
second At, the cycle is y, x, y, x, corresponding to the first Y in ¢4, and
so forth. We have also tried a simpler scheme, At—(x,y,x,y)—At—
() = At—(—x,—y,—x,—y) — At—(—y,—x,—y,—x) —At— (xy,5y) — .,
that appears equally good. The rest of the phase cycling used is as follows
(Varian): = 4{~x}, 4{x}; 2 = 145°); s = 20y}, 2—y}, 20},
2 —al; s = {—y}; b6 = {y}; d7 = {—y}; ds = {x —a}; ¢ = {—x, x};
receiver = 2{y}, 2{—y}, 2{«x}, 2{—«}. Quadrature detection in the
indirect dimension is obtained by the enhanced sensitivity approach®”*’
by recording a second spectrum where ¢s, @, and ¢; are inverted along
with the phase of the receiver and ¢3 = 2{y}, 2{ —y}, 2{ —«}, 2{x} for each
t, increment. In addition, both phase ¢; and the phase of the receiver are
incremented by 180° for every complex t; point (in the States-TPPI
manner“). The delays used are 7, = 2.3 ms and 73, = 1/(8Jxn) = 1.36 ms.
Gradient strengths, G/cm (length, ms) are gy = 6.0 (1.0), g = 5.5 (1.0),
£=60(1.0),g;=14.0(03),g,=26.0(0.5), g5 = 8.0 (0.8), gs = 15.0 (1.0),
g7 = 64 (04), and gz = 40.0 (0.2). A CPMG block of varying length
(N1/4=Npa — N+ 1) is applied at the beginning of the sequence so that
the extent of heating is constant over all measurements. In the absence of
such an element, sample heating increases slightly as a function of t;, giving
rise to peaks whose line shapes are distorted, significantly affecting
the accuracy by which peak positions can be quantified. This distortion
is completely removed when the initial CPMG block is used. When
the reference spectrum (standard evolution instead of D-evolution) is
recorded, N;/4 is set to N, + 1 for all #; increments and the
(—7—1804,—7—)4 block is removed.

2. Experimental Details. **N relative shift profiles of the Abp1p SH3/
Arklp exchanging complex were obtained at a static magnetic field
strength of 11.7 T at both 25 and 5 °C using the D-evolution TROSY
experiment illustrated in Figure 4. The relative shift, 0, — 0y, is defined
as the peak position in spectra recorded with (0,) and without (Jy,) the
(—7—1804—7—), element of Figure 4 (element contained in the
second shaded box). Spectra were measured with dwell times, At, of
2.2 (Npay = 52, where N,,., is the number of complex #, points; see
Figure 4), 1.0 (Nppa = 60), 0.66 (Nppay = 60), and 0.5 (N = 60) ms.
Each data set was recorded with four (at 25 °C) or seven (at 5 °C) Vcppma
[=1/(47)] values, ranging from 300 to 1000 Hz. A pair of reference spectra
(without D-evolution) were obtained for each dwell time. Each plane
was recorded with an acquisition time of 128 ms in the direct dimension
along with a prescan delay of 3.0's, so that total acquisition times for all of the
data were 22 and 32.5 h at 25 and 5 °C, respectively. To account for any
heating effects,a CPMG block of varying length was applied at the beginning
of the sequence so that the power used for each increment remains the same.
In addition, planes sharing the same dwell time were recorded in a pseudo-
3D manner whereby data sets with different vcpy values were interleaved
to further equilibrate heating over the different planes.

>N CPMG relaxation dispersion profiles'' were obtained for the
Abplp SH3/Arklp complex at static magnetic field strengths of 11.7 T
at 25 °C and 11.7 and 18.8 T at 5 °C. Totals of 24 (11.7 T, 25 °C), 22
(117 T,5°C),and 21 (18.8 T, S °C) Vcpug values ranging from 25 to
1000 Hz (T,e1ax = 40 ms) were measured. Data sets were recorded with
acquisition times of (47, 64) ms at (11.7 T, 25 °C), (40, 64) ms at (11.7
T, § °C), and (33, 64) ms at (18.8 T, S °C) in (1, t,), along with a
prescan delay of 2.5 s, for total acquisition times of 18.5, 16.5, and 18.5 h,
respectively.

Data Analysis. All data sets were processed and analyzed with the
NMRPipe program.42 As described in the text, relative shift profiles,
AP ALV epme), were generated by calculating the differences in
chemical shifts between peaks in reference spectra and their counter-
parts in each D-evolution correlation map measured as a function of At
and vcpme. Peak positions were quantified using the program FuDA
(http ://pound.med.utoronto.ca/ software.html), using a model in which
peaks were assumed to be a mixture of Gaussian and Lorentzian line

shapes. All the planes with the same dwell time, At, were fitted together,
assuming identical (different) peak positions and line shapes in the
direct (indirect) dimension and the same peak volume over the planes.
Errors in peak positions were estimated on the basis of either the
covariance matrix®> of the fit or duplicate measurements when available.
Errors in relative shift values were calculated as the Euclidian norm of the
reference and D-evolution shift errors.

Relative shift profiles were analyzed using a two-site exchange model,
and values of k., pp, and A® were extracted from the simultaneous
(global) fit of the data from all residues with an average relative shift
(averaged over all At and v¢pyig values) greater than both 2 times the
average error and S ppb. Shifts from strongly overlapped peaks were
excluded from the analysis. Data were fitted using in-house-written
software by minimization of the following %> target function:

Aécalcd _Aéexptl 2
XZ(C) = Z < A(i)éexptl ) (7)

where A0 and AAG®" are experimental relative shifts and their
uncertainties, respectively, AO““!(£) are relative shifts calculated as
described below, & = {xy, .., xnpa,} denotes the set of adjustable model
parameters, and the summation is over all the experimental data points.

Values of Ad™ = §, — 0, were computed by calculating peak
positions of the major state (A) with (0,) and without (6;,) the D-evolution
element. Values of 0y, are obtained by calculating eigenvalues of the 4 x 4
matrix

ATR K

K AATr (8)

A4><4 = |:

and noting that the chemical shift of interest is given by the imaginary
part of the eigenvalue corresponding to the TROSY component of state
A.In turn, 0, can be calculated by first noting that, when the D-evolution
element is included, the propagator describing the evolution of magne-
tization over a single dwell period is given by an expression similar to
eq 4:

P = {exp(Auxat) exp(Afs27) exp(Agxa?)} exp(Agiait)  (9)

where AJ, 4 is the complex conjugate of A4 The average Liouvillian,
L3%,, describing the time dependence of magnetization in the presence
of the D-evolution element is then given by*

L3, = In(P)/At (10)

with O, obtained from the appropriate eigenvalue of Ly, as described
above.

Values of Ry;, reflecting the TROSY/anti-TROSY interconversion,
have been measured experimentally by recording the decay of both >N
longitudinal magnetization (R, ) and BN—'HN longitudinal order (R..),
Ry =R,. — Ry. These rates were then used directly in the expression for
A4 in fits of D-evolution data. We have not included differences in
TROSY and anti-TROSY relaxation rates in any of the analyses; such
differences enter only indirectly through spin flips and will make small
contributions for the relatively small proteins for which the D-evolution
methodology is applicable. Simulations have established that, for the
Abplp SH3 domain/Arklp peptide exchanging system considered here,
where average rates for Ry, Ry tr, and Ry ar, are 1.5, 1.5, and 8.9 s
respectively, differences between R, rg and R, o, do not affect relative
shift values by more than 0.02 ppb on average, with a maximum of 0.6
ppb for D15, where the largest Rsrate is measured (8.5 sil). If desired,
values of R, tr can be obtained from plateaus of 1SN TROSY CPMG
dispersion proﬁles30 and measured Ry rates; Rpar, can then be
calculated directly from R, rgr assuming standard parameters for SN
CSA values and "H—""N bond lengths. Finally, in the study reported
here errors in the extracted exchange parameters were estimated by the
covariance matrix method.*>
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CPMBG relaxation dispersion profiles, R, .¢(Vcpmc), were generated
from peak intensities, I; (Vcppg), in a series of 2D "HN—'°N correlation
maps measured as a function of CPMG frequency, Vcppmg. Effective
relaxation rates were calculated as R, .g(Vepma) = In(To/Ii(Vepma))/
Telaxy Where Ij is the peak intensity in the reference spectrum recorded
without the relaxation delay T, (refs 12 and 44). Signal intensities
were quantified using the program FuDA. Relaxation dispersion data
were analyzed using a two-state exchange model, and the best fit model
parameters were extracted as described previously'* using the program
CATIA, which is available from http://pound.med.utoronto.ca/
software.html.
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