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@ The NMR saturation transfer experiment is widely used to characterize exchange processes in proteins
that take place on the ms-s timescale. However, spin diffusion effects are inherently associated with the
saturation transfer experiment and may overshadow the effect of the exchange processes of interest. As
shown here, the effects from spin diffusion and exchange processes can be separated by varying the
field strength of the saturation pulse, thereby allowing correct exchange rates to be obtained. The method
is demonstrated using the hydrogen exchange process in the protein Escherichia coli thioredoxin as an

example. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The saturation transfer experiment'? is widely used in

nuclear magnetic resonance (NMR) studies of dynamical
events in proteins. In particular, the saturation transfer
experiment is useful for characterizing exchange processes,
such as the exchange between different conformations of a
protein, the exchange of the amide protons with the solvent
water,!~10 or the exchange between a ligand-bound and a
free protein.!-12

The saturation transfer experiment requires that individ-
ual signals are observed for each of the exchanging species.
The experiment is usually carried out by saturating an NMR
signal of one of the exchanging species and monitoring the
effect on the corresponding signal of the other species caused
by the exchange-mediated transfer of saturated magnetiza-
tion. If the rate of exchange is comparable to the longitudinal
relaxation rates of the involved nuclei (normally on the ms-s
timescale), the rate of exchange can be derived from the
change in intensities of the monitored signals. However, in
proteins the saturation of individual 'H resonances is often
hampered by spectral overlap, which gives rise to saturation
of other adjacent signals. This unintentional saturation cre-
ates a problem since it spreads rapidly to the entire protein
molecule by dipolar cross relaxation (spin diffusion) through
the magnetically connected network of adjacent 'H spins in
the protein. Consequently, it becomes difficult to separate
the effect of spin diffusion from the effect of exchange.
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Here, we examine in detail the influence of spin
diffusion in proteins on the results of the saturation transfer
experiment. The exchange of the amide protons in Escherichia
coli thioredoxin with the solvent water is used as a model
system. The exchange process is monitored through the
decrease of the amide proton intensities, which is observed
after presaturating the solvent resonance for a few seconds.
We show that the decrease in the amide proton intensities
due to spin diffusion can be comparable to the intensity
reduction caused by fast amide proton exchange on the ms-s
timescale. Furthermore, we present a method that allows
separation of the effect of spin diffusion from the effect
of hydrogen exchange. The method relies on a variation
of the field strength, By, of the pulse used for saturating
the solvent resonance, and exploits the fact that the effect
of spin diffusion on the amide proton intensities is more
dependent on the strength of By than is the effect of the
solvent exchange. Finally, we discuss limitations and the
applications of the method.

EXPERIMENTAL
NMR samples

The protein E. coli thioredoxin (Trx)!* was used as a model
protein since the hydrogen exchange in both reduced and
oxidized Trx is well characterized by means of the deuterium
exchange and the saturation transfer techniques.!* The
structure of Trx has previously been solved both by NMR
spectroscopy’® and X-ray crystallography,'® showing that
Trx consists of a B-sheet core surrounded by four a-helices.!

Cloning, expression, and purification of the °N-labeled
model protein were performed as described previously."” A
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1.0 mM sample of oxidized Trx in 50 mM NaCl and 10%
D,0/90% H,O at pH 7.0 was sealed under nitrogen and
used in the hydrogen exchange studies as described below.

NMR experiments

All NMR experiments were carried out on a Varian Unity
Inova 500 spectrometer equipped with a cold probe. The sat-
uration transfer experiments were carried out at two different
temperatures, 298 and 308 K, by applying a 2.5 s saturation
pulse to the water resonance at s,y = 4.774 ppm (298 K) or
8sat = 4.654 ppm (308 K). Subsequently, the amide proton
intensities were detected in a 'TH-®N HSQC spectrum.’® A
reference spectrum was recorded with the saturating field
applied at 8;x = —3.9 ppm, where no protein signals res-
onate. The field strength, B;, of the saturation pulse was
varied between 7 Hz and 140 Hz. The saturation transfer
experiments were collected with 1024 complex ¢, data points
and 150 complex f; data points, and a sweep width of 10 kHz
in the 'H dimension and 2 kHz in the >N dimension. The
CLEANEX-PM experiment'’ was recorded with 1024 com-
plex t, data points and 150 complex t; data points, and a
sweep width of 10 kHz in the 'H dimension and 2 kHz in the
®N dimension. The CLEANEX-PM experiment was carried
out at 298 K. All signal intensities were obtained by a least-
squares fitting procedure as described previously! using the
program Fuda.?

RESULTS AND DISCUSSION

Spin diffusion effects in saturation transfer
experiments

Spin diffusion effects are inherently associated with pro-
tein saturation transfer experiments.”*! In addition to the
decrease in intensity caused by hydrogen exchange, the
saturation of the solvent water signal and the proximate o-
proton resonances may also significantly attenuate the amide
proton intensities through spin diffusion.” Further atten-
uation of the amide proton intensities can occur through
nuclear Overhauser enhancements (NOEs) caused by direct
dipole — dipole interactions between the amide protons of the
protein and water molecules temporarily associated with the
protein,?>? or via spin diffusion from nearby labile hydroxyl
protons that are saturated due to fast exchange with the
solvent.”?*

Figure1 shows the results of a saturation transfer
experiment carried out on the model protein Trx at 298 K.
The figure shows a per residue comparison of the amide
proton intensity attenuation factor, I', where T' is defined as

Msat
= MOC

r L
Here, M*! is the intensity of the amide proton signals
in the HSQC spectrum recorded with solvent saturation
(8sat = 4.774 ppm), while M is the corresponding intensity
in the reference spectrum (8sx = —3.9 ppm). Thus, I' =1
for amide protons in slow exchange with the solvent, while
I' < 1 for amide protons exchanging on the ms-s timescale.
As shown in Fig. 1, T is significantly smaller than 1 for all
residues in Trx. However, since, for instance, the "H-1°N
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Figure 1. Variation of the amide proton intensity attenuation
factor, I', with the residue number in Trx. The uncertainties of
the attenuation factors are comparable to or smaller than the
size of the symbols. The saturation frequency was
8sat = 4.774 ppm, and the strength of the saturating field was
B1 =140 Hz.

cross peaks of the residues, 123, L.24, V25, L79, L80, and F81,
are still present in the HSQC spectrum 723 h after transfer
of the protein into D,O,'* amide proton exchange on the
ms-s timescale cannot be the cause of all I' < 1 observed
in Fig. 1. This suggests that the amide proton intensities are
affected by spin diffusion associated with the saturation of
the solvent resonance.

To investigate the extent of spin diffusion in Trx as
compared to the effect of hydrogen exchange, a series of
saturation transfer experiments were carried out at different
saturation frequencies, 8s,. Figure 2 shows the results of
two of these experiments with (A) s = 2.1 ppm and
(B) st = 3.1 ppm. The saturation at these frequencies
leaves the solvent resonance practically unperturbed and
the effects from hydrogen exchange can, therefore, be
neglected. Yet, the amide proton intensities are greatly
reduced due to spin diffusion throughout the protein, as
shown in Fig. 2. Furthermore, the change in the saturation
frequency, 8s, from 2.1 ppm to 3.1 ppm, results in rather
different attenuation patterns, which shows that the intensity
reduction caused by spin diffusion depends strongly on the
chemical shifts of the protons, and on the three-dimensional
structure of the protein. Moreover, a comparison of Figs 1
and 2 shows that the reduction of the amide proton signals
caused by spin diffusion may be comparable to the reduction
caused by amide proton exchange on the ms-s timescale.

Separating hydrogen exchange from spin diffusion
effects

Because of the spin diffusion effects, the amide protons
that are affected by exchange on the ms-s timescale cannot
be identified unambiguously from the data presented in
Fig. 1. However, exchange and spin diffusion effects may be
distinguished by performing saturation transfer experiments
at two temperatures. Thus, exchange effects increase with
increasing temperature, while spin diffusion effects in the
slow-tumbling regime decrease with increasing temperature.
Hence, the ratio of the attenuation factors, I'™» /I'T, obtained
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Figure 2. Variation of the amide proton intensity attenuation
factor, I, with the residue number in Trx. The uncertainties of
the attenuation factors are comparable to or smaller than the
size of the symbols. The strength of the saturating field was
B4 = 140 Hz. The saturation frequency was 8sgt = 2.1 ppm
(A) or sat = 3.1 ppm (B).

at two temperatures T, > Ty, will be smaller than 1 when
the exchange process dominates, and larger than 1 when
spin diffusion effects dominate. Figure 3 shows the ratio,
38K/ 128K for Trx as a function of the residue number.
The data correlate well with the results of the CLEANEX-
PM experiment!® carried out at 298 K. The CLEANEX-PM
experiment provides a 'H->N HSQC spectrum with peaks
arising solely from amide groups with 'H exchange on the
ms-s timescale, while effectively suppressing the spurious
peaks arising from artifacts such as intramolecular NOEs
and magnetization transfer from a-protons coincident with
the water resonance. On the basis of the CLEANEX-PM
experiment, and in agreement with previous deuterium
exchange data,'* 28 amide protons in Trx were found to
be in fast exchange with the solvent (filled circles Fig. 3). The
majority of the amide protons, which are in fast exchange
with the solvent according to the CLEANEX-PM experiment,
show %8 K/12% K ratios below 1.

Even if the temperature dependence of the intensity
attenuation factor, I', of the amide protons may reveal
whether spin diffusion or hydrogen exchange dominates, I'
still depends on both effects, and the spin diffusion may still
mask the presence of exchange. However, as shown below,

Copyright © 2007 John Wiley & Sons, Ltd.

Spin diffusion effects

F308K/ F298K

0 10 20 30 40 50 60 70 80 90 100 110
Residue

Figure 3. The ratio of the amide proton intensity attenuation
factors, T, at 298 K and 308 K, as a function of the residue
number in Trx. The uncertainties of the ratios are comparable
to the size of the symbols. The saturation frequency, dsat, was
4.774 ppm and 4.654 ppm at 298 K and 308 K, respectively.
The strength of the saturating field was B1 = 140 Hz. Amide
protons, which exchange on the ms-s timescale according to
the CLEANEX-PM experiment,'9 are indicated by filled circles.
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Figure 4. The amide proton intensity attenuation factor, T, for

four different amide protons, as a function of the strength of

the saturating field, B1. The uncertainties of the attenuation

factors are comparable to the size of the symbols. The

saturation frequency was 8sat = 4.774 ppm.

the two effects respond differently to a change in the strength
of the saturating field. Figure 4 shows the dependence of I on
the strength, By, of the saturating field for four different amide
protons, V251N A56HN G74HN and T89MN. As By approaches
zero, spin diffusion becomes less pronounced because the
saturating pulse becomes more selective. Thus, for amide
protons affected only by spin diffusion, I' approaches 1 as
Bi goes to zero. On the other hand, if the amide protons
are affected by hydrogen exchange on the ms-s timescale, I'
approaches a value smaller than 1 as B; goes to zero. Figure 4
shows that V25'"™ and A56"N are affected by the saturating
pulse only through spin diffusion, while G74"N and T89HN
exhibit hydrogen exchange on the ms-s timescale.

A corrected amide proton intensity attenuation factor,
I, unaffected by spin diffusion can be obtained by
extrapolating the data in Fig.4 to B; = 0. Since each
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Figure 5. The amide proton intensity attenuation factor, I,
corrected for spin diffusion as a function of the residue number
in Trx at 298 K. The uncertainties of the attenuation factors are
comparable to or smaller than the size of the symbols. Amide
protons, which exchange on the ms-s timescale according to
the CLEANEX-PM experiment,'9 are indicated by filled circles.

amide proton may be affected by several partially saturated
a-protons through spin diffusion, the functional form of
the curves in Fig.4 is not easily derived. Therefore, the
extrapolation was done assuming that the data follow a
second order polynomial

I'(By) = aB? + bB; + '™ )

where a4, b, and I'" are constants that are obtained by a
least-squares fit to the measured intensities of each amide
proton as a function of the B; field strength. The solid curves
in Fig. 4 correspond to the least-squares fits.

Figure 5 shows the corrected amide proton intensity
attenuation factor, ', as a function of the residue number
in Trx. It is seen that many of the amide protons now show
an attenuation factor close to 1, indicating that no exchange
on the ms-s timescale takes place. Furthermore, I'" < 1 for
amide protons located in loop regions or in the beginning of
a-helical structures where the hydrogen exchange is expected
to be fast.

Limitations of the method
If the resonance frequency of a proton, such as an a-proton,
coincides with the water resonance and hence the frequency
of the saturation pulse, the proton will be saturated even at
the lowest field strength applied here (B; = 7 Hz). Therefore,
the extrapolation described above fails for the amide protons
spatially close to protons that resonate at the water chemical
shift. For example, as seen in Fig. 5, the attenuation factors
of L53™N and T54"™ are significantly smaller than 1 even
though the hydrogen exchange rates of these amide protons
are of the order 107°s7!, as shown previously.* The «-
proton of residue L53 has a chemical shift of 4.77 ppm at
pH 7.0 and 298 K, which is identical to the chemical shift
of water, while T54"N has a strong sequential NOE to the
a-proton of L53.

This problem can be alleviated by recording the spec-
tra at two different temperatures and taking advantage of

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 6. The amide proton intensity attenuation factor, T,
corrected for spin diffusion, as a function of the residue number
in Trx at 308 K. The uncertainties of the attenuation factors are
comparable to or smaller than the size of the symbols. Amide
protons, which exchange on the ms-s timescale according to
the CLEANEX-PM experiment,'© are indicated by filled circles.

the strong temperature dependence of the water resonance.
Figure 6 shows the results of the saturation transfer experi-
ment at 308 K. By comparison with Fig. 5, it is seen that I'**"
decreases for the amide protons in fast exchange with the
solvent as the temperature is increased, in accordance with
the increased exchange rates at higher temperatures. More
importantly, the amide protons of L53 and T54 now appear
as slowly exchanging at 308 K because the saturating field is
applied at a chemical shift value different from that of the
L53 a-proton.

As shown in Figs5 and 6, the amide signals of the
residues T8, D9, S11, T66, and A67 are also saturated even
though the amide proton exchange process is slow.* In this
case, the amide proton signals are attenuated due to an NOE
to the fast exchanging hydroxyl protons as noted previously
for serine and threonine,” and tyrosine residues.?* In general,
an unwanted saturation of amide protons spatially close to
fast exchanging protons cannot be prevented by a change in
temperature.

Applications

Previously, it has been shown that amide hydrogen exchange
effects can be separated from spin diffusion (cross relaxation)
effects using saturation transfer experiments at different pH
values.” In contrast, the approach presented here can be
applied at a single pH value. This is particularly valuable
in the study of proteins that are stable only in a narrow pH
range, or in the case of proteins that change conformation
with pH. Furthermore, this method does not assume a
specific model for the exchange process, such as a simple
two-site exchange model, but can be applied also to exchange
processes that take place according to more complicated
exchange models. In this context it should be noted that
the exchange process of fast exchanging amide protons
in proteins has been suggested to take place according to
more sophisticated models, such as the Linderstrom-Lang
model.>%-2
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The approach presented here can be applied also to other
kinds of exchange processes in proteins than amide hydrogen
exchanges. An example is the exchange between two distinct
conformations of a protein, where each conformation gives
rise to separate signals in the NMR spectrum, as for instance
the exchange between a folded and an unfolded protein,?
or the exchange between a metal-free and a metal-bound
protein.'”?® Also, in combination with the CLEANEX-PM
experiment, the method presented here may be used to
identify amide protons close to fast exchanging hydroxyl
groups, and may provide distance information that is not
available otherwise.

CONCLUSION

Our study shows that the applicability of the saturation
transfer experiment for characterizing exchange processes in
proteins is complicated by spin diffusion effects. However,
the spin diffusion effects can be separated from the
exchange contributions by measuring the effect of the
saturation as a function of the field strength of the
saturation pulse, and by performing experiments at two
temperatures.

Supplementary material

Supplementary electronic material for this paper is available
in Wiley InterScience at: http://www.interscience.wiley.
com/jpages/0749-1581/suppmat/
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