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Abstract

We present a novel approach to the investigation of rapid (>2 s�1) NH exchange rates in proteins, based on residue-specific diffusion
measurements. 1H, 15N-DOSY-HSQC spectra are recorded in order to observe resolved amide proton signals for most residues of the
protein. Human ubiquitin was used to demonstrate the proposed method. Exchange rates are derived directly from the decay data of the
diffusion experiment by applying a model deduced from the assumption of a two-site exchange with water and the ‘‘pure’’ diffusion coef-
ficients of water and protein. The ‘‘pure’’ diffusion coefficient of the protein is determined in an experiment with selective excitation of the
amide protons in order to suppress the influence of magnetization transfer from water to amide protons on the decay data. For rapidly
exchanging residues a comparison of our results with the exchange rates obtained in a MEXICO experiment showed good agreement.
Molecular dynamics (MD) and quantum mechanical calculations were performed to find molecular parameters correlating with the
exchangeability of the NH protons. The RMS fluctuations of the amide protons, obtained from the MD simulations, together with
the NH coupling constants provide a bilinear model which shows a good correlation with the experimental NH exchange rates.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Amide proton exchange rates are of great interest in bio-
chemistry, since they are related to the flexibility and acces-
sibility of different sites in a protein. Mass spectrometry
(MS) has been applied to the study of hydrogen–deuterium
exchange in proteins [1–4] and in ubiquitin [5,6] in particu-
lar. Conformational changes of ubiquitin in methanol solu-
tions [7,8] and partially unfolded states [9] have been
investigated using exchange studies by MS. Akashi et al.
monitored backbone amide proton exchange in several
fragments of ubiquitin [10]. Solvent accessibility of basic
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side chain protons has also been studied [11]. Early meth-
ods for measuring exchange rates by NMR are reviewed
in Ref. [12] and have been applied in a variety of studies
[13–16]. A water exchange filter (WEX) [17] enables
exchange measurements in 1D (and 2D) spectra. Different
conformations [18] and the folding process [19,20] of ubiq-
uitin were investigated. Denisov et al. monitored fast
exchange of labile side chain protons using 2H spin relaxa-
tion [21]. Properties of hydrogen bonds in ubiquitin were
also investigated [22]. More recent NMR studies of
exchange employ methods for fast data acquisition in order
to enable ‘‘real-time’’ site-resolved investigations of med-
ium rate exchange in ubiquitin dissolved in D2O [23–25].
The ability of both MS and NMR to determine hydrogen
exchange rates has been used to facilitate the resonance
assignment of 15N labelled proteins [26].
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In this paper we present a novel method for the mea-
surement of relatively rapid (>2 s�1) NH exchange rates
by NMR, using 3D DOSY-HSQC experiments to measure
site-specific diffusional signal attenuation. The use of diffu-
sion experiments to measure NH exchange rates has been
reported previously [31]; here, the introduction of a 15N
dimension greatly improves resolution.

As is well known, chemically-exchanging systems show
anomalous results in PFG diffusion experiments [27–30],
spins dividing their time between species diffusing at differ-
ent rates. Where all exchange is slow compared to the
inverse of the magnetization storage delay time DS in a
stimulated echo the effects of exchange may be neglected,
and each signal shows the attenuation expected for the
appropriate diffusion coefficient. Where exchange is fast
compared to 1/DS, each exchanging signal shows the same
attenuation, corresponding to the weighted average of the
diffusion coefficients of the exchanging species. In the inter-
mediate case, for two-site exchange the signal attenuation
no longer shows a simple exponential dependence on the
square of field gradient pulse area, but rather the sum of
two exponentials, neither of which is a simple function of
the experimental parameters; the deviation from monoex-
ponential behavior is at its greatest for rate constants of
the order of 1/DS. Johnson’s general analysis of the effects
of exchange during DS [30] is extended in Appendix A to
include the effects of relaxation, and a simplified version
appropriate to the experiments described here, where one
exchange partner (water) is in large excess, is derived.

For a bipolar stimulated echo sequence of the type used
here (Fig. 1), if the times s and DS are sufficiently short that
the effects of relaxation can be neglected, the attenuation of
the NH signal SN(K) as a function of the degree of diffusion
encoding K = cgd is given (see Eq. (A17a) in Appendix A)
by
Fig. 1. Pulse scheme for the 3D 1H, 15N-DOSY-HSQC experiment (without
pulses, respectively. The 15N offset was centered in the amide region (118 ppm)
time (D) of 80 ms was used for the determination of the exchange rates. The
represents the relaxation delay (12 s). INEPT transfers were carried out usin
evolution of 15N chemical shifts is represented by t1. 800 and 256 data points we
15N GARP decoupling was applied. Phase cycles were /1 = x; /2 = 4(x), 4(
Gradients were half-sine shaped (100 data points) and have the following durat
steps; G2: 2.5 ms, �6.6 to �46.2 G cm�1, varied in nine steps; G3: 1 ms, �9.
G cm�1. For the determination of DN the first 1H pulse was replaced by a 3 ms
the amide region (7.75 ppm) to excite selectively the NH protons. The time in
SNðKÞ ¼ SNð0Þe�DNK2 s�d
3�

s0
2ð Þ

� e� kNWþDNK2ð ÞDS þ kNW

kNW þ DNK2 � DWK2

�

� e�DWK2DS � e� kNWþDNK2ð ÞDS

� ��
ð1Þ

where c is the proton magnetogyric ratio, g the applied gra-
dient strength, d the net effective duration of the (two bipo-
lar) gradient pulses, kNW the exchange rate constant from
NH to water, DN and DW the protein and water diffusion
coefficients, respectively, s the diffusion-en/decoding delay
and s 0 the time between the midpoints of the two bipolar
gradient pulses. For half-sine shaped pulses the correction
term for diffusion during the gradient pulses changes from
d/3 to d/4.
2. Experimental

A 1.8 mM solution of uniformly 13C, 15N-labelled
human ubiquitin (90% H2O/10% D2O in pH 5.8 phosphate
buffer) was used in this study, since for this relatively small
protein (76 residues, MW = 9.0 kDa) the resonance assign-
ment [32–34] and NMR structure [35] are available, facili-
tating the assignment of signals and the subsequent
interpretation of results. All experiments were performed
at 297K on a Bruker Avance 700 equipped with a cryo pro-
behead. TopSpin 2.0 was used for recording and data pro-
cessing. Gradient calibration was performed by recording
an image of the water distribution in an NMR tube con-
taining a Teflon disk of known thickness [36]. Comparison
between experiments using the double stimulated echo [37]
(DSTE) technique and the ‘‘normal’’ stimulated echo
(STE) sequence under otherwise identical conditions
showed that no convection compensation was needed.
applying DSTE). Narrow and wide filled rectangles denote 90� and 180�
, 1H offset was set to the center of NH resonances (7.75 ppm). A diffusion
figure shows the effective diffusion time and not the technical delay. d1

g a delay of d2 = 1/(4 · JNH) = 2.63 ms. The incremented delay for the
re acquired in the 1H and 15N dimensions, respectively. During acquisition
�x); /3 = y; /4 = �y; /5 = x, �x; receiver = x, �x, x, 2(�x), x, �x, x.
ions and peak amplitudes: G1: 2.5 ms, 6.6 to 46.2 G · cm�1, varied in nine
4 G cm�1; G4: 1 ms, 44.0 G cm�1; G5: 1 ms, 16.5 G cm�1; G6: 1 ms, 4.5
Gaussian cascade [39] pulse (G4; 256 data points) centered in the middle of
tervals relevant for data analysis are indicated.



Fig. 2. Magnetization exchange rates for most amide protons of ubiquitin
obtained by the proposed diffusion-based method. The error bars
represent the standard deviations of the exchange rates obtained in the
fitting procedure. Data points with no displayed error bars show
uncertainties which are smaller than or in the order of the size of the
filled circles (ca. 0.2 s�1). For precise numbers, error margins for all
residues and for experimental details, see Table A1.
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The water diffusion coefficient, DW, in the protein sample,
measured at the experimental temperature using a standard
BPPLED [38] diffusion experiment with D = 30 ms and
d = 3 ms, was 1.96 · 10�9 m2 s�1.

The 3D 1H, 15N-DOSY-HSQC sequence used (for
graphical description and further experimental details,
see Fig. 1) concatenates a bipolar pulse pair stimulated
echo sequence [38] (BPPSTE) with an 1H, 15N-HSQC
sequence, and yields a 3D data matrix. A diffusion time
D of 80 ms was used, with nine different gradient strengths.
For the determination of the protein diffusion coefficient,
DN, the sequence was changed to excite only the amide
protons and not the water, using a 3 ms Gaussian cascade
[39] pulse (G4; 256 datapoints) centered at 7.75 ppm in the
middle of the amide region. Because only the protein mag-
netization is position-encoded, despite the water being in
large excess, the water contribution to the diffusional atten-
uation of the NH signals is suppressed. In this experiment
the diffusion coefficients of all assignable amide protons of
ubiquitin were found to be equal within experimental
error, with an average of 1.35 · 10�10 m2 s�1. For compar-
ison purposes, a 1H, 13C-DOSY-HSQC spectrum (using
WURST [40] decoupling to minimize sample heating)
was recorded as a control experiment, and gave the same
result. A long relaxation delay (12 s) was used to ensure
complete water relaxation between transients, but, as
expected from the form of Eq. (1) in which the value of
the (large) NH:water equilibrium constant is immaterial,
experiments with much shorter recycle delays give essen-
tially the same results.

The 1J(NH) coupling constants were determined in a
1H, 15N-HSQC experiment without decoupling during
acquisition and with a digital resolution of 0.1 Hz in the
proton dimension.

For all theoretical studies, the PDB dataset 1D3Z for
ubiquitin was used as starting point [35]. The quantum
chemical studies were performed employing the semiempir-
ical MNDO method. Molecular dynamics (MD) simula-
tions on ubiquitin were done over 10 ns on the basis of
the empirical force field CHARMm23.1, considering the
solvent water implicitly by its dielectric constant. From
the results, we extracted a variety of parameters thought
to be possible indicators for the exchangeability of the
amide protons (vide infra).

3. Results and discussion

In contrast to the amide-selective experiment, in which
the effects of exchange with water were suppressed, the par-
ent 3D DOSY-HSQC sequence gave NH signal attenuation
that varied markedly from site to site, confirming the pres-
ence of significant exchange between water and protein
NH magnetization. Apparent diffusion coefficients obtained
by fitting the selective and non-selective experiment decays
to the Stejskal–Tanner equation are reported in Fig. A1;
in the latter case, significant systematic deviations from
exponential decay were seen, as expected from Eq. (1).
The NH signal decays from the non-selective experiment
were analysed directly to extract apparent exchange rate
constants kNW. Published chemical shifts [34] were used
for the resonance assignment. The TopSpin 2D integration
routine was applied to 2D slices of the pseudo 3D spectrum
using identical, non-overlapping regions for all gradient
strengths. ORIGIN� 6.1 was used for non-linear least
squares fitting of the signal intensities obtained for different
gradient strengths (K values) according to Eq. (1), with ini-
tial signal integral SN(0) and kNW as parameters.

The amide magnetization exchange rates obtained for
ubiquitin are shown in Fig. 2. Whereas the vast majority
of residues show slow exchange (rate constants below
2 s�1) a number of amide protons exchange significantly
faster (e.g., Gly 75, Thr 9, Arg 74, Ala 46). This is not unex-
pected, since all of these are located outside of a-helices
and b-sheets and are assigned to bends, turns [35] or the
C terminus. They are therefore less stabilized by hydrogen
bonds, more easily accessible to water, and prone to more
rapid exchange.

Very slow (<10 h�1) NH exchange in proteins is rela-
tively easy to monitor using dissolution experiments [41],
and as has already been noted, rapid acquisition methods
can extend the scope of this method to rate constants
greater than 1 min�1 [23–25]. The method described here,
in contrast, is intended for probing processes at the upper
end of the range of amide exchange rates, with rate con-
stants of several s�1 and above. The lower limit of such
methods is set by competition between the chemical
exchange of magnetization (between NH and water) and
the exchange of magnetization by cross-relaxation. There
is a direct analogy between the study of two-site exchange
processes here and the use of the NOE in the structure elu-
cidation of biomolecules: in both cases there is competition



Fig. 3. Correlation between the experimental exchange rates for the
fastest exchanging amide protons and those calculated with a bilinear
model, which is characterized by the equation: kpred

NW=s�1 ¼
a � fNH þ b � JNH þ c, where fNH represents the RMS fluctuations of the
NH protons around the avarage structure during the MD simulation (in
Å) and JNH represents the coupling constant between the amide proton
and nitrogen (in Hz). The coefficients are a = 90.1 ± 10.2; b = �5.25 ±
0.73, and c = 426.8 ± 62.8. The regression coefficient is 0.965. The
horizontal error bars represent the statistical error obtained during fitting
the experimental data to Eq. (1), whereas the vertical error bars represent
the standard error of estimate of our bilinear model (1.81 s�1).
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between two-site processes and spin diffusion, and in both
cases the trade-off between the two is partly under the con-
trol of the experimenter, through the choice of the delay DS

and the NOE mixing period, respectively. Under the exper-
imental conditions used here, the effect of spin diffusion
transmitting the effects of exchange at rapidly-exchanging
sites throughout the protein is to give an apparent ‘‘back-
ground’’ exchange rate of about 0.3 s�1. The results
reported in Table A1 for apparent kNW are the raw results
of fitting the experimental data to Eq. (1); the true
exchange rates are better approximated by subtracting
the background apparent exchange rate. For the residues
that these experiments are intended to probe (those with
kNW > 2 s�1) this correction is typically of the order of or
smaller than the random error estimated from the fitting.

To assess the validity of our method comparative exper-
iments were performed on the same sample using the
MEXICO sequence [42] with nine different mixing times
ranging from 25 to 300 ms. Due to radiation damping
effects observed with the cryoprobe, the original phase
cycling had to be altered and could therefore no longer pro-
vide compensation for T1 relaxation effects. For rapidly
exchanging amide protons the rates determined by MEX-
ICO were comparable to ours; for slower exchange the
MEXICO data did not yield unambiguous exchange rates,
suggesting that at slower exchange rates the diffusion
method may have an advantage over MEXICO. In the
Appendices the correlation between the exchange rates
obtained by the two methods can be seen graphically
(Fig. A2) and numerically (Table A2).

Computational studies can also be used to investigate
dynamic processes in proteins [43]. To gain insight into
the molecular basis of the exchange behavior, we per-
formed molecular dynamics and quantum chemical studies
and tried to find molecular parameters from theory and
NMR measurements correlating with the exchangeability
of the NH protons. For example, the fluctuations of the
NH atoms around the average molecular structure
obtained from the MD simulations reflect the accessibility
of the protons for exchange. Such information can also be
obtained from the accessible surface areas of the NH pro-
tons calculated on the basis of the experimental molecular
structure. The extent of the involvement of the exchange-
able NH protons in hydrogen bonds, which can also be
obtained from the MD trajectories, represents another
parameter reflecting exchangeability. Finally, the quan-
tum-chemically calculated bond orders of the N–H bonds
could be regarded as a measure of the N–H bond strength,
and the charges at the peptidic nitrogen atoms as a measure
of basicity.

Due to the large relative uncertainties in kNW for slowly
exchanging residues, only the six most rapidly exchanging
amide protons were taken into account when looking for
correlations. No single parameter of those mentioned
above gave a direct quantitative correlation with the exper-
imental kNW values, but a bilinear model based on the fluc-
tuations of the NH protons and on the NH coupling
constants provides a fair correlation between predicted
and measured exchange rates, with a regression coefficient
of 0.965, as shown in Fig. 3.
4. Conclusions

In conclusion, we have shown that 1H, 15N-DOSY-
HSQC experiments are a powerful tool for the quantifica-
tion of fast (>2 s�1) amide proton exchange rates, which
should be generally applicable to proteins with well-
resolved 1H, 15N-HSQC signals. The method is not
restricted to chemical exchange [44]; the approach used
here could for example provide a quantitative basis for epi-
tope mapping [45]. Most recently, a paper was published in
which by a very different method the amino acids Thr 9,
Ala 46 and Gly 75 also show strongly enhanced NH
exchange [46].
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Appendix A

For two-site exchange, the signal attenuation in a PFG-
STE experiment has been analysed in detail by Johnson
[30]. Johnson’s analysis describes the signal behavior as a
function of the longitudinal magnetization storage period
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DS of the stimulated echo experiment. In an exchanging
system the signal attenuation no longer shows a simple
exponential dependence on the square K2 of the effective
field gradient pulse area, but rather a mixture of two expo-
nentials, neither of which is a simple function of the exper-
imental parameters, in which the relative contributions of
the two exponentials vary with K2. The deviation from
monoexponential behavior is at its greatest for rate con-
stants of the order of 1/DS.

For two longitudinal magnetizations A and B with equi-
librium values MA

0 and MB
0 and initial values at the start of

the DS delay MA
z ð0Þ and MB

z ð0Þ, exchanging with rate con-
stants kA and kB such that kAMA

0 ¼ kBMB
0 and diffusing

with diffusion coefficients DA and DB, respectively, then
neglecting relaxation and exchange and diffusion during
the diffusion-encoding and decoding periods, the resultant
contributions to the net magnetizations at the end of a
PFGSTE sequence are given [30] by

MA
z ðK;DSÞ ¼

MA
z ð0Þ
2
�

kMA
z ð0Þ � kBMB

z ð0Þ
� �

2R

� �

� exp ð�rþ RÞDS½ �

þ MA
z ð0Þ
2
þ

kMA
z ð0Þ � kBMB

z ð0Þ
� �

2R

� �

� exp ð�r� RÞDS½ �

ðA1Þ

MB
z ðK;DSÞ ¼

MB
z ð0Þ
2
þ

kMB
z ð0Þ þ kAMA

z ð0Þ
� �

2R

� �

� exp ð�rþ RÞDS½ �

þ MB
z ð0Þ
2
�

kMB
z ð0Þ þ kAMA

z ð0Þ
� �

2R

� �

� exp �r� Rð ÞDS½ �

ðA2Þ

where

r ¼ 1
2

kA þ kB þ DAK2 þ DBK2
� 	

ðA3Þ

k ¼ 1
2

kA � kB þ DAK2 � DBK2
� 	

ðA4Þ

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ kAkB

q
ðA5Þ

and K = cgd is the product of the magnetogyric ratio, the
duration and the amplitude of the (rectangular) diffusion-
encoding gradient pulses. The quantities d and D in John-
son’s analysis have been replaced here by k and R to avoid
confusion with the gradient pulse width and magnetization
storage delay, respectively. Note that the magnetizations
that eventually refocus in the stimulated echo are reduced
by a further factor of 2.

The effects of spin–lattice relaxation during the diffusion
delay, neglected in Johnson’s analysis, are straightforward
to include, the expressions for r and k becoming

r ¼ 1
2

kA þ kB þ RA
1 þ RB

1 þ DAK2 þ DBK2
� 	

ðA3aÞ

k ¼ 1
2

kA � kB þ RA
1 � R B

1 þ DAK2 � DBK2
� 	

ðA4aÞ
where RA
1 and RB

1 are the inverses of the spin–lattice relax-
ation times T1 for A and B, respectively.

The effects of exchange and relaxation during the diffu-
sion-encoding and decoding delays are also straightfor-
ward to include if exchange is slow on the chemical shift
timescale, i.e., if the rate constants are small compared to
the chemical shift difference between the two-sites. Under
such conditions the effect of chemical exchange on trans-
verse magnetization is simply a net loss of coherence, and
the two exchanging magnetizations evolve independently;
only as coalescence approaches is there net transfer of mag-
netization from one-site to another. If the diffusion-encod-
ing and decoding periods each consist of a single gradient
pulse of width d at the midpoint of a delay s, the contribu-
tions MA

xy and MB
xy made by the transverse magnetizations

to the final echo signal decay according to

MA
xy ¼ MA

xyð0ÞE2A ðA6Þ

MB
xy ¼ MB

xyð0ÞE2B ðA7Þ

where

E2A ¼ e�RA
2

s�kAs�1
2DAK2 s�d

3ð Þ ðA8Þ

E2B ¼ e�RB
2
s�kBs�1

2DBK2 s�d
3ð Þ ðA9Þ

and where MA
xyð0Þ is the transverse magnetization at the

beginning of a given period s and RA
2 and RB

2 are the in-
verses of the spin–spin relaxation times T2 for A and B,
respectively. For sequences with bipolar diffusion-encoding
and decoding, using two gradient pulses of opposite polar-
ity with widths d/2 and midpoints s’ apart at the middle of
a delay s, the expressions become

E2A ¼ e�RA
2

s�kAs�1
2DAK2 s�d

3�
s0
2ð Þ ðA8aÞ

E2B ¼ e�RB
2
s�kBs�1

2DBK2 s�d
3�

s0
2ð Þ ðA9aÞ

For perfect 90� pulses, then neglecting resonance offset and
spatial encoding (which are refocused in the stimulated
echo, the latter effect sacrificing half of the net signal) the
magnitudes of the initial spatially-encoded longitudinal
magnetizations at the start of DS are equal to those of
the transverse magnetizations in Eqs. (A6) and (A7), and
the magnitudes of the final magnetizations MA

xy that refocus
in the stimulated echo may be obtained by substituting
(A6) and (A7) into (A1) and (A2), dividing by 2 as noted
earlier, and weighting for the effects of diffusion, exchange
and relaxation during the final diffusion decoding delay s:

MA
xy ¼

MA
0 E2A

4
�

kMA
0 E2A � kBMB

0 E2B

� �
4R

� �

� exp ð�rþ RÞDS½ �E2A

þ MA
0 E2A

4
þ

kMA
0 E2A � kBMB

0 E2B

� �
4R

� �

� exp ð�r� RÞDS½ �E2A

ðA10Þ



Table A1
Magnetization exchange rates kNW of the NH protons in human ubiquitin
obtained by fitting to Eq. (1)

Residue kNW [s�1] r(kNW) [s�1]

Gln 2 0.89 0.17
Ile 3 0.73 0.24
Phe 4 0.50 0.13
Val 5 0.76 0.30
Lys 6 0.55 0.23
Thr 7 1.19 0.23
Leu 8 5.86 0.28
Thr 9 22.29 0.43
Gly 10 3.25 0.13
Lys 11 2.83 0.16
Thr 12 4.67 0.14
Ile 13 0.46 0.19
Thr 14 0.63 0.19
Leu 15 0.41 0.24
Val 17 1.47 0.14
Glu 18 0.68 0.13
Ser 20 1.06 0.12
Asp 21 0.59 0.17
Thr 22 0.83 0.21
Ile 23 2.85 0.31
Asn 25 1.07 0.14
Lys 27 0.68 0.19
Ala 28 0.71 0.26
Lys 29 0.39 0.30
Ile 30 0.58 0.27
Gln 31 0.66 0.19
Asp 32 0.40 0.26
Lys 33 0.45 0.22
Glu 34 0.40 0.27
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MB
xy ¼

MB
0 E2B

4
þ

kMB
0 E2B þ kAM A

0 E2A

� �
4R

� �

� exp ð�rþ RÞDS½ �E2B

þ MB
0 E2B

4
�

kMB
0 E2B þ kAMA

0 E2A

� �
4R

� �

� exp ð�r� RÞDS½ �E2B

ðA11Þ

For the asymmetric case where the two-site equilibrium lies
far to one side, as in the exchange of magnetization be-
tween protein NH groups (A) and water (B), considerable
simplifications are possible. If the B pool is much larger
than the A, and if differential attenuation between A and
B during the diffusion-encoding delay is small (both condi-
tions being met in the experiments described here), then
kA� kB, E2A � E2B and kAMA

z ð0Þ � kBMB
z ð0Þ, causing

Eqs. (A10) and (A11) above to reduce to

MA
xy ¼

1

2
M0

A E1A þ
kA

2k
E1B � E1Að Þ

� �
E2

2A ðA12Þ

MB
xy ¼ 1

2
M0

BE1BE2
2B ðA13Þ

where

k ¼ 1
2

kA þ RA
1 � RB

1 þ DAK2 � DBK2
� 	

ðA14Þ

E1A ¼ exp � kA þ RA
1 þ DAK2

� 	
DS

� �
ðA15Þ

E1B ¼ exp � RB
1 þ DBK2

� 	
DS

� �
ðA16Þ
Fig. A1. Comparison of the (apparent) diffusion coefficients D obtained
with selective excitation of the amide region by a Gaussian cascade (G4)
pulse centered at 7.75 ppm with 3 ms duration (blue circles) and with
excitation of all protons (red circles). D was calculated by non-linear least
squares fitting of the respective decay data according to
I = I0 · exp(� DK2(D � d/4 � s 0/2)), where I is the gradient strength
dependent signal intensity, I0 is the (hypothetical) signal intensity with
no applied gradient, and the other symbols are explained in the main text.
The error bars represent the standard deviation of the diffusion coefficients
provided by the fitting routine. For all data points with no displayed error
bar the uncertainty is lower than the extension of the points (ca.
0.06 · 10�10 m2s�1). For all residues, uniform excitation yields slightly
higher apparent diffusion coefficients. This discrepancy is probably due to
spin diffusion within the protein. Expectedly, fast exchanging protons
show much larger differences in D between both experiments.

Gly 35 0.65 0.19
Ile 36 1.00 0.18
Asp 39 0.93 0.20
Gln 40 0.45 0.12
Gln 41 0.07 0.13
Arg 42 0.78 0.17
Leu 43 0.72 0.21
Ile 44 0.11 0.17
Phe 45 0.51 0.13
Ala 46 10.71 0.34
Gly 47 1.06 0.20
Lys 48 1.32 0.27
Gln 49 1.66 0.18
Leu 50 0.75 0.16
Glu 51 1.49 0.23
Asp 52 0.46 0.23
Arg 54 0.47 0.21
Thr 55 0.54 0.29
Leu 56 0.60 0.17
Ser 57 0.92 0.21
Asp 58 1.26 0.15
Tyr 59 0.41 0.15
Asn 60 0.80 0.23
Ile 61 0.38 0.19
Gln 62 0.84 0.18
Lys 63 0.83 0.24
Glu 64 0.29 0.12
Ser 65 1.13 0.17
Thr 66 1.04 0.20
Leu 67 0.16 0.29
His 68 0.62 0.27
Leu 69 3.21 0.20
Val 70 0.65 0.15
Leu 71 0.52 0.20



Table A1 (continued)

Residue kNW [s�1] r(kNW) [s�1]

Arg 72 0.96 0.20
Leu 73 0.93 0.22
Arg 74 10.34 0.23
Gly 75 23.31 0.27
Gly 76 1.51 0.09

The indicated standard deviation r(kNW) results from the fitting procedure
which was performed using Origin� 6.1. Residues missing in this table are
proline (Pro 19, Pro 37, Pro 38) or could not be evaluated due to signal
overlap.
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Note that care is needed in numerical evaluation of the sec-
ond term in the expression for MA

z ðK;DSÞ in Eq. (A1) near
the point where the quantities k and (E1B � E1A) both
change sign.
Fig. A2. Comparison of exchange rates obtained using the MEXICO [42]
pulse sequence to those derived from the proposed diffusion-based
method. Ten residues which yielded unambiguous MEXICO results (i.e.,
those with the highest exchange rates) were taken into account. For precise
numbers as well as uncertainties obtained in the fitting procedure see
Table A2.

Table A2
Exchange rates kNW of the fastest exchanging amide protons in human
ubiquitin obtained by the MEXICO experiment [42] in comparison to
those obtained by the proposed diffusion-based method with subsequent
fitting to Eq. (1)

MEXICO experiment Diffusion based method

kNW [s�1] r(kNW) [s�1] kNW [s�1] r(kNW) [s�1]

Gly 75 22.69 0.62 23.31 0.27
Thr 9 20.86 0.60 22.29 0.43
Ala 46 11.38 0.46 10.71 0.34
Arg 74 9.82 0.27 10.34 0.23
Leu 8 9.04 0.32 5.86 0.28
Thr 12 6.17 0.48 4.67 0.14
Gly 10 3.90 0.21 3.25 0.13
Leu 69 2.95 0.18 3.21 0.20
Ile 23 4.48 0.37 2.85 0.31
Lys 11 2.02 0.24 2.83 0.16

The indicated standard deviations for both methods (r(kNW)) result from
the fitting procedures which were performed using Origin� 6.1.
Thus, if the effects of relaxation during the sequence are
small, the experimental signal SA(K) for site A in a simple
PFGSTE experiment should attenuate with K according to

SAðKÞ ¼ SAð0Þ e� kAþDAK2ð ÞDS þ kA

kA þ DAK2 � DBK2

�

� e�DBK2DS � e� kAþDAK2ð ÞDS

� ��
e�DAK2 s�d

3ð Þ ðA17Þ

and in a bipolar experiment according to

SAðKÞ ¼ SAð0Þ e�ðkAþDAK2ÞDS þ kA

kA þ DAK2 � DBK2

�

� e�DBK2DS � e� kAþDAK2ð ÞDS

� ��
e�DAK2 s�d

3�
s0
2ð Þ

ðA17aÞ
in which the only unknown parameters are kA and SA(0).
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