cta

Biochimica

Polonica

Vol. 46 No. 3/1999
651-663

QUARTERLY

NMR measurements of proton exchange between solvent and

peptides and proteins*®

Jacek Wéjcik, Katarzyna Ruszezyniska, Igor Zhukov and Andrzej Ejchart™

Institute of Biochemistry and Biophysics, Polish Academy of Sciences,

A. Pawiriskiego 5A, 02-106 Warszawa, Poland
Received: 07 July, 1999

Key words: proton exchange, NMR methods, magnetization transfer

Scope and limitations of the NMR based methods, equilibration and magnetization
transfer, for measuring proton exchange rates of amide protons in peptides and pro-
teins with water protons are discussed. Equilibration is applied to very slow processes
detected by hydrogen-deuterium exchange after a solute is dissolved in D20. Magneti-
zation transfer allows to study moderately rapid processes in Hz0. A number of pre-
cautions should be undertaken in order to avoid systemic errors inherent in the mag-

netization transfer method.

Proton exchange with solvent water protons
is a powerful technique for studying structure
and dynamics of peptides and proteins [1, 2].
Nuclear magnetic resonance (NMR) spectros-
copy is one of the most suitable tools to per-
form such studies. Observation of labile am-
ide protons carried out over a range of pH val-
ues allows to determine rate constants, k, for

acid- and basecatalyzed exchange. The ex-
change rates provide information about such
features of molecules as solvent accessibility,
complexation sites, and stability of hydro-
gen-bonded secondary and tertiary structures
(1, 3, 4).

The rates at which amide protons in
biomolecules, HN, are exchanged with water
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vary over many orders of magnitude [2].
Availability of the exchange process parame-
ters to NMR measurements depends on the lo-
calization of its rate in the NMR timescale.
The latter can be visualized taking as an exam-
ple a simple two-site exchange between two
equally populated sites. If the exchange rate is
substantially lower than the frequency differ-
ence between resonances of individual sites
(k/Af << 1), two sharp signals appear and the
system is in the slow exchange regime. When
the exchange rate increases, successive broad-
ening and merging of the signals occurs and
at k/Af=m/21/2 = 2 22 they merge. This situ-
ation is referred to as coalescence. A further
increase of the exchange rate results in signal
narrowing as the fast exchange regime is ap-
proached (k/Af >> 1). The intermediate rates
of exchange are placed between slow and fast

exchange regions (Fig. 1). Therefore, the fre-
quency difference between exchanging reso-
nances determines the NMR timescale [5, 6].

Since numerous protons in peptides and pro-
teins exchange with solvent molecules at the
same time, the exchange process(es) can be
studied only at the rates when individual reso-
nances of exchangeable solute protons are ob-
served i.e. below the values at which coales-
cence does appear. The lineshape analysis of
exchange-broadened signals, a method widely
used in the chemical exchange studies of amall
organic molecules, cannot be successfully
used for studying exchange processes because
numerous overlapping HN signals preclude
accurate determination of exchange rates.
Therefore, only two, among many, NMR
methods are applicable to such studies: equili-
bration and magnetization transfer.
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Figure 1. Calculated NMR lineshapes for equally populated two-site exchange at the slow exchange re-
gime (a), at the intermediate exchange region below the coalescence point (b}, at the coalescence point {c)

and close to the fast exchange regime (d).
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EQUILIBRATION METHOD

Equilibration is applicable to very slow pro-
cesses and it relies on the determination of
amide exchange rates by hydrogen-deuterium
exchange using suitable NMR spectra ac-
quired consecutively to detect the progress of
deuterium substitution after the protein or
peptide has been dissolved in D20 [7]. Be-
cause the HN signals in one-dimensional 1H
NMR spectra of proteins, except those for
small peptides, tend to overlap, two-dimen-
sional techniques, both homonuclear [8] and
heteronuclear [9], are usually used to increase
spectral dispersion. The rate of exchange at a
given amide site is obtained from a simple ex-
ponential fit of the HN signal intensities/
integrals as a function of exchange time. As-
suming that the first spectrum can be col-
lected 5 min after a protein was dissolved and
that no more than 50% substitution took place
in that period, the exchange rates slower than
0.002 5-1 (0.12 min-1) are accessible to this
method. Since a great number of amide pro-
tons in proteins exhibit lifetimes of hours or
days, equilibration, as a method which is sim-

Case |

ple from the technical standpoint, has been of-
ten used in studies of proton exchange
[10-13].

MAGNETIZATION TRANSFER METHOD

The magnetization transfer method allows
to study moderately rapid proton exchange
below the coalescence point. A number of
techniques and many modifications have been
proposed since the first paper on the subject
by Forsén & Hoffman [14] was published.
Since for such a study H20, rather than D20,
must be used as a solvent, it is necessary to ob-
serve the solute signals in the presence of the
solvent peak which is about 105 times more in-
tense. This dynamic range problem, inherent
to the majority of the NMR measurements of
biological molecules [15], is particularly se-
vere in the case of exchange studies when the
magnetization of solvent nuclei should be han-
dled with a special care. A convenient and sim-
ple method for overcoming the problem is se-
lective saturation of the solvent resonance. In-
version should be avoided as it leads to the ra-

Figure 2. Two different types of magnetization transfer pulse sequence proposed by Forsén & Hoffman

[14].

In Case I the decay of Hy signal upon progressive selective saturation of solvent resonance is a single-exponential
funetion of the saturation time, t, (Eqn. 1). Solvent saturation has to occur instantaneously at time ¢ = 0, In Case II
the recovery of Hy signal upon removal of the solvent resonance saturation is observed as a bi-exponential function
of the recovery time, t, (Eqn. 2). Solvent saturation should be long enough to establish a steady-state condition. Nar-
row vertical bars represent the read sequence. In the simplest case it can be a 90° pulse but usually more sophisti-
cated sequences allowing to avoid solvent resonance excitation and/or improving spectral dispersion are used.
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diation damping [16], which accelerates the
return of the water magnetization to equilib-
rium. The problem can be resolved by the use
of pulse sequences incorporating field gradi-
ents [17].

Standard magnetization transfer pulse se
quences adapted from Forsén & Hoffman [14]
to pulsed spectrometers are presented in
Fig. 2. As follows from the solution of
MecConnell equations [18] under the assump-
tion of great excess of solvent, Hy signal in-
tensities/integrals, I, depend on the satura-
tion or recovery time, ¢, according to the equa-
tions:

Case I

I(t) = Ip{lk/(k + p)] - exp[-(k +p)t] +
+p/(k + p)} (0

Case I1

It) = Inf1 + [k/(pw - p - B)] - expl-pyt] -
- [koy/(R+p) - (pw-p -k *
- exp[-(k + p)il} (2)

In addition to the exchange rate, k, two addi-
tional parameters appear in Eqns. 1 and 2,
longitudinal relaxation rates of solute HN, p,
and water protons, pw. The latter should be
determined in a separate experiment. Ip rep-
resents the equilibrium value of I [14].

Since limits of intensity changes in both
cases are Ip and Igp/(k + p), the k/p ratio de-
termines magnitudes of exchange rates acces-
sible to this method. In order to observe well
measurable intensity changes indispensable
for data reduction of good quality, the condi-
tion p/(k + p) < 0.9 should be fulfilled. There-
fore, if the condition k/p > 0.1 does not hold,
accuracy of the exchange rate determination
deteriorates as shown in Fig. 3 [19]. Longitu-
dinal relaxation rates of the HN protons

strongly depend on the molecular mass of sol-
ute, temperature and the magnetic field
strength of the NMR spectrometer; most of-
ten these rates are in the range 0.5 8-1<p <
10 s-1 [20-22]. On the other hand, the upper
limit of the exchange rate should be well below
the exchange rate of coalescence. Calculated
NMR lineshapes of the HN protons exchang-
ing with solvent protons in typical experimen-
tal conditions are shown in Fig. 4. Exchange
broadening, which brings about a 5fold de-
crease of intensity, seems to be a tolerable
limit from the standpoint of signal to noise ra-
tio, thus giving k < 20 s-1.

Summing up, the magnetization transfer
method allows to determine exchange rates
over the range [0.05 s-1, 20 s-1]. It should be
pointed out that there is a gap between the up-
per limit of exchange rates available to the
equilibration method (0.002 s-1) and the
lower limit of exchange rates available to the
magnetization transfer method. Neverthe-
less, the magnetization transfer method has
been widely used for determination of the ex-
change rates of amide protons in peptides and
proteins with water [11, 13, 23-25].

PROBLEMS SPECIFIC TO THE
MAGNETIZATION TRANSFER METHOD

There are several types of problems inherent
in the determination of HN exchange rates
with solvent by the magnetization transfer
method: (1) efficient generation of the
nonequilibrium initial state, (2) spectral dis-
persion allowing to observe individual,
non-overlapping signals, (3) read pulse/se-
quence avoiding excitation of solvent reso-
nance, (4) reliable and accurate data redue-
tion, (5) spurious pathways of the magnetiza-
tion transfer disturbing the observed intensi-
ties/integrals of HN resonances.

Ad 1. As mentioned above, selective satura-
tion of water magnetization, rather than its in-
version, has been widely used in order to
avoid the radiation damping. Selective satura-
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tion, however, used progressively (Case I)
does not suppress completely the large water
signal at short saturation times. Moreover,
short saturation times lead to the enhance-
ment of radiation damping. In consequence,
the apparent k and p values are underesti-
mated (cf. Fig. 5). An elegant approach over-
coming this deficiency was proposed by Ad-
ams & Lerner [26]. A weak, variablelength
spin-lock pulse sandwiched between two selec-
tive 90° pulses is used rather than progressive
selective saturation.

peplide ACDKDGDGYISAAEAAAQNH, |
100 o =
B0 -
3
£ w0
i Aspt
40 o Gh4
: P

20— T
o H 4 L] ]
1 ]

Figure 3. Experimental data and least-squares fits
for three selected residues in the 16-residue pep-
tide analogous to the 3rd calcium binding loop of
calmodulin saturated with La®" ions (Case II,
Egn. 2).

The k/p ratio influences the accuracy of the parameter
determination. For Aspl (k/p = 0.07) relative standard
errors of exchange parameters are large: k = 0.05 s
(17%) and p = 0.76 (20%). For two other residues rela-
tive standard errors are much smaller: Gly4 (k/p =
0.45), k = 0.18 s™* (4%), p = 0.40 (4%) and Tle8 (k/p =
2.47), k = 0.43 s~ (6%), p = 0.17 (6%). Water relaxation
rate, p,, = 4.9 s~ [19).

New possibilities have become available for
the NMR spectrometers equipped with pulse
field gradient (PFG) hardware. Many se-
quences with PFGs have been invented re-
cently [17]. One of them, the WANTED se-
quence [27], allows to excite the water reso-
nance with the selective 90° or 180° DANTE
pulse [28] applying bipolar gradient pulses

during DANTE delays. Such pulses quench ef-
ficiently the radiation damping.

Ad 2. Well separated HN signals can be
solely observed in small peptides. Partial over-
lapping of HN signals usually occurs in pep-
tides comprising twelve or more amino-acid
regidues as seen in Fig. 6. Resorting to two-di-
mensional EXSY spectra [29] does not help
because all correlation peaks between HN and
water protons appear at the position of the
chemical shift of water resonance [30]. That is
why the peaks of interest display a spectral
dispersion similar to that observed in corre-
sponding one-dimensional spectra.

If overlapping HN protons are scalar coupled
with well separated He protons, a double-se-
lective spin-lock can be used for an additional
magnetization transfer step HN—=+Hg. The in-
tensity of Hy protons is monitored, rather
than that of HN, to study the amide proton ex-
change rate [22]. However, the best disper-
sion of HN signals is obtained in hetero-
nuclear 1H/15N correlation spectra, HMQC
[31, 32] and HSQC [33], of 15N-labeled pep-
tides and proteins. 1H/15N HSQC spectrum of
the Met8—+Leu mutant of Cucurbita maxima
trypsin inhibitor type I, CMTI-I (M8L), a small
29 amino-acid residue protein clearly demon-
strates the possibility of very good separation
of amide correlation peaks. This two-dimen-
sional HSQC spectrum contrasted with a cor-
responding part of one-dimensional 1H NMR
spectrum is shown in Fig. 7. All 27 signals of
the backbone amide protons are well sepa-
rated in the HSQC spectrum, whereas only
7 HN protons show non-overlapping signals in
the one-dimensional 1H NMR spectrum. Use
of the HSQC sequence allowed to determine
exchange rates with water and relaxation
rates for almost all amide backbone protons in
CMTII (M8L) protein (cf. Fig. 8).

Ad. 3. Read pulse sequences avoiding excita-
tion of strong solvent resonance, that replace
the last pulse in the one-dimensional or multi-
dimensional technique, have been used for a
long time in NMR of biological systems [34].
One of the most popular sequences is the
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Jump-and-Return one [35], the simplest of the
socalled binomial sequences. It comprises
two 90° pulses of opposite phase separated by
a delay 7. On-resonance water signal ends the
Jump-and-Return sequence aligned with +z
axis, whereas the excitation maxima occur at
+1/4r (Fig. 9). If pulse field gradients are
available, the WATERGATE sequence can be
used [36]. It is a modified PFG spin-echo se-
quence with 180° refocusing pulse flanked by
two selective 90° pulses [17, 37). The com-
bined effect of these three pulses is a net zero
rotation of the water magnetization. Hence,
both gradient pulses dephase the transverse
water magnetization but refocus the solute
one (Fig. 9).

The influence of the read sequence on the de-
termination of exchange rates has been stud-
ied on selected HN backbone protons in the
14-residue peptide, analogous to the 3rd cal-
cium binding loop of calmodulin saturated
with La3* ions. Signal intensities were mea-
sured as a function of the recovery time (Case
IT) using the Jump-and-Return and WATER-
GATE read sequences. The results obtained
for three residues of this peptide are given in
Table 1. They do not differ within experimen-
tal errors. However, the standard errors of pa-
rameters calculated for the data acquired with
the Jump-and-Return sequence are larger
than those acquired using WATERGATE, ow-
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Figure 4. Calculated NMR lineshapes of Hy protons exchanging with water.

It was assumed that solute concentration, ¢ = 1 mM, and transverse relaxation times, To(Hy) = 0.2 8, Ty(H,0) = 0.5 8.
Frequency difference, Af = f{lHy) - fH;0) = 1500 Hz, corresponds to 3 ppm at 500 MHz, an average chemical shift
difference between water and amide proton resonances. Signal broadening resulting in a 5-fold decrease of ampli-
tude (at k= 208" 1] seems to be the upper limit of the exchange rates studied by the magnetization transfer method.
Widths at half-height of the lineshape, HW, are given in the Figure. The distance between tick marks on the abscissa

corresponds to 10 Hz.
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ing to the strong baseline corruption inherent
in the former read sequence.

Ad. 4. Several conditions should be met in
order to obtain a reliable exchange rate deter-
mination from raw experimental data. Precise
determination of the solvent relaxation rate,
Pw, for the Case II method significantly influ-

100

T T T
0.0 04 o8 12

t 5]

Figure 5. Effect of non-immediate progressive wa-
ter saturation.

The dotted line represents the Hy, signal decay for the
ideal progressive saturation experiment (Case I) with
immediate water saturation. Open circles correspond
to the data obtained in a fictitious non-ideal experi-
ment with water saturation building up with a time
constant of 15 ms. Solid line represents the best
least-squares fit to those data. The ideal experiment
was computed assuming k=p = 1.5 s ', The best fit to
the non-ideal data gives: k = 1.32 = 0.08 s andp=1.35
+ 0118 ",

ences the accuracy of k and p values because

these three parameters are strongly corre’

lated and multiple local minima can exist.
That is why pw has to be determined inde-
pendently. Including pw into the set of fitted
parameters leads to very large parameter in-
accuracies. This is the case even if simulta-
neous fit for parameters of several Hx pro-
tons and global pw value is performed despite
the increased number of degrees of freedom
for a system (cf. Fig. 10 and Table 2).
Results of several optimization approaches
applied to the experimental data of the HN sig-
nal recovery (Case II) are given in Table 2. If
three parameters, k, p and pw, are fitted, two

minima are found (Table 2, B). Target func-
tion values corresponding to these minima
are identical within the computer's floating
point precision and no preference can be
given to any of these solutions; standard er-
rors are unacceptably large. The accuracy is
improved for the simultaneous fit of the data
obtained for three different HN protons: Ile8,
Ser9, and Ala10 (Table 2, D). In this approach
one of the two minima could be excluded but
standard errors remain large. Strong correla-
tion among the fitted parameters has been
proven by substituting the calculated pw val-
ues as constants and, thus, reducing the num-
ber of fitted parameters. In this way, a three-
fold reduction of standard errors has been ob-
tained (Table 2, C). The results obtained using
the pw value measured in a separate experi-
ment are given for comparison (Table 2, A).
Ad. 5. As pointed out by Spera et al. [20], in
proteins occur phenomena which can disturb
magnetization transfer caused by the ex-
change of amide protons with water. All of
them are related to cross-relaxation — a mech-
anism allowing for exchange of magnetization
between two dipolar coupled spins [38]. Ex-
perimental manifestation of cross-relaxation,
the nuclear Overhauser effect (NOE) is a net
magnetization change in the intensity/inte-
gral of a nuclear spin resonance when the res-
onance of another dipolar coupled spin is per-
turbed [39, 40]. In a system of two dipolar cou-
pled, exchanging spins magnetization trans-
fer occurs via two independent pathways,
chemical exchange with the rate — k and
cross-relaxation with the rate — o [41, 42].
Computational separation of these two contri-
butions to the total magnetization transfer ob-
tained in experiment is difficult, if possible at
all. In proteins a spurious magnetization
transfer can occur via: (a) incidental satura-
tion of Hg protons resonating close to the wa-
ter signal and NOE transfer to nearby HN pro-
tons, (b) direct (single step) and/or indirect
(multistep) NOE transfer between water and
HN, (c) NOE transfer from nearby, labile OH
proton which is saturated via exchange with
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water, an effect often observed in Ser and Thr
residues (cf. Fig. 11) [20]. All these effects can
be detected and identified, but not eliminated,
using NMR methods introduced by Kriwacki
et al. [43].

Efforts have been made to eliminate cross-
relaxation effects in the determination of ex-
change rates by the magnetization transfer
method. Spera et al. [20] measured magnetiza-
tion transfer from water to HN protons at dif-
ferent pH values and separated an exchange

it ke rf:ien%iun r?movas their overlap in
H dimension.

contribution from a cross-relaxation contribu-

tion assuming that the latter is independent of
the pH value. A different approach, which can

be applied to proteins double-labeled with 156N

and 13C, has been proposed by Gemmecker et

al. [44]. Two-dimensional pulse sequence,

MEXICO, allows to minimize NOE effects

with the carbon-bound protons. This se-

quence, however, does not suppress cross-re-

laxation between HN protons and water or

rapidly exchanging OH protons.
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k=056%005s" (9%)
50.0 - o = 0.51 +0.05 s (10%) Figure B. Exchange rates of amide
5 protons with water, k, and their lon-
“; gitudinal relaxation rates, p, mea-
= sured in the CMTI-I (MBL) protein
£0.0 using progressive water daturation
% {Case I).
o i Error bars are shown in the Figure.
40.0 24 1 T Quality of the fit is presented for the
0 5 10 Leul? residue,

t [s]

EXPERIMENTAL 100 mM NaCl and 20 mM LaCls. pH was set at

The 14-residue peptide analogous to the 3rd
calcium binding loop of calmodulin, GDKD-
GDGYISAAES, was obtained as described in
an accompanying paper [45]. The peptide was
dissolved in H20/D20 (9:1) containing

5.7 and the final peptide concentration was
4 mM. NMR measurements were performed
on a Varian Unity+ 500 spectrometer at
275 K. Magnetization transfer was performed
using the Case Il sequence with saturation de-
lay 8 s and 11 different recovery delays: 0.005,

Table 1. Exchange parameters obtained for amide protons of three residues in the peptide

GDEDGDGYISAAERS.

Data were acquired with two read sequences, Jump-and-Return (JR) and WATERGATE (W), and fitted to Eqn. 2
(Cage I). p,, determined in a separate experiment, is equal to 1.10 £ 0.02 8", Better accuracy has been obtained for
the WATERGATE sequence. Standard errors of parameters are given in parentheses.

Taxiioa Sequence k©F) [5 1 pGp) 51
Nes WG 1.03 (0.10) 0.88 (0.09)
JR 0.9 (0.3) 1.4 (0.5)
Serd WG 0.44 (0.10) 3.1 (0.6)
JR 0.7 (0.4) 3.6 (1.9)
Alal0 WG 0.51 (0.04) 0.93 (0.09)
JR 0.49 (0.07) 1.2 (0.2)
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Jump-and-Return

WATERGATE

an* 180%,

selgn”, B selgo®

G G

N N

Figure 9. Two read sequences avoiding water ex-
citation: Jump-and-Return and WATERGATE.

0.12, 0.25, 0.4, 0.57, 0.8, 1, 1.3, 1.8, 2.5, and
3.5 s. Longitudinal water relaxation, pw, was
measured using the progressive saturation
technique [46] with the same delays as in mag-
netization transfer measurements.

Synthesis and NMR measurements of the
16-residue peptide analogous to the 3rd cal-
cium binding loop of calmodulin, AcDKDGD-

peptide GDKDGDGYISAAERS

Py =082 (0.43) 8"

el k=14(04)s" p= 130037
O Serd k=09(1.3s , p=8(8s"

2 plail ke06(01)s p=1303s"
T 4 L] T

] 1 2 3
recovery tme, t [s]

Figure 10. Global least-squares fit performed for
the measurement of exchange of Hy protons of
three amino-acid residues in the 14-residue pep-
tide analogous to the 3rd calcium binding loop of
calmodulin saturated with La®" jons (Case II,
Egn. 2).

k; and p; for each aminc-acid residue and p,, common
for all Hy (lotal-7 fitted parameters) were fitted apply-
ing weights inversely proportional to relative errors
equal to dP,/P;. The best fit curves and calculated pa-
rameters are shown in the Figure. Parameters ob-
tained in separate fits for each residue using the p,,
value measured in an independent experiment are
given in Table 1 (WG).

'

GYISAAEAAAQHN,, were described by
Ejchart et al. [19].

Overexpression, purification and NMR mea-
surements of the Met8—=Leu mutant of

Table 2. Results of several fittings of the data obtained for the Hy, proton of Ile8 residue in the pep-
tide GDEDGDGYISAAES to Eqn. 2 (Case IT); read sequence — WATERGATE.

Experimental data and the best fit curve are shown in Fig. 10. The minimum of target function
F = [Zill; exp=T; ca1e) 7n1** was searched for in the optimization procedure. Standard errors of

parameters are given in parentheses.

k(GF) 871 p @) 571 pelOp) 811 F Comments
A 1.03 (0.10) 0.88 (0.09) 1.10 (0.02)° 0.983 p,,~measured
B B0 imee i oszy  Pw-fived
A 0.44 (0.03) 0.36 (0.03) 2.9 0.922 p~assumed
1.62 (0.20) 1.30 (0.15) 0.8 0.922 (taken from B)
D 1.55 (0.39) 1.25 (0.27) 0.82 (0.13) 0.923 Po—global fit

*Participation of dp,, in dk and dp was calculated and appropriate corrections were included in the reported values,
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Figure 11. Spurious, cross-relaxation related mag-
netization transfer pathways disturbing proton
exchange measurements by the means of magneti-
zation transfer method.

(a), (b) and (c) refer to the cases discussed in the text.

Cucurbita maxima trypsin inhibitor type I, are
described in accompanying paper [47]. Mag-
netization transfer was performed using the
Case | sequence with a relaxation delay 10 s
and 9 saturation delays: 0.1, 0.1, 0.3, 0.7, 1.8,
2, 5, 10, and 19 s.

CONCLUSIONS

A study of the exchange rates of amide pro-
tons in peptides and proteins with water hy
means of NMR spectroscopy requires a prop-
erly chosen experimental method. The equili-
bration is the method of choice in the case of
very slow exchange, k < 0.002 -1, The magne-
tization transfer method allows to determine
faster exchange rates over the range [0.05s-1,
20 s-1]. There are, however, many pitfalls in-
herent in this method. Therefore, appropriate

precautions should be undertaken in order to
obtain reliable results.
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