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The study of structure, folding, and dynamics in proteins is
assisted by the elucidation of kinetics and thermodynamics of
the hydrogen—deuterium exchange."? The kinetics of the
process is characterized by measurement of amide hydrogen
exchange rates, >3 whereas the protium—deuterium fractio-
nation factor, which is based on the equilibrium of the
exchange process, helps to understand the thermodynamic
aspects and the strength of hydrogen bonds.*”) Using NMR
spectroscopy, slow amide hydrogen exchange rates (k. <
1s7") are generally measured by monitoring the time-
dependent change in intensity of the signals of amide protons
upon dissolution of the protein in *H,0. Measurement of fast
exchange rates, however, remains a challenge.'"' On the
other hand, to measure the protium—deuterium fractionation
factors, a series of two-dimensional (2D) experiments are
usually performed with different protein samples dissolved in
varying molar ratios of H,0:’H,0.4%°1 We describe here
a simple NMR method to elucidate both hydrogen—deuterium
fractionation factors and fast hydrogen exchange with a single
type of experiment. The method is based on the 2D *CO-""N
correlation experiment (2D-CON)!™ involving *C detection,
which has high resolution and sensitivity and can be acquired
rapidly. The method is illustrated on three proteins with one
of them being intrinsically disordered, as it has amide protons
that span a wide range of exchange rates.

The key idea is to detect simultaneously and in a well-
resolved manner the signals of deuterated (ND) and non-
deuterated (NH) amides such that their intensities and
exchange between the two sites can be measured. This is
achieved by acquiring the 2D-CON spectrum on a *C,"N-
labeled protein that is dissolved in a mixture of H,O:*H,O. In
such a sample, the ND species (hereafter referred to as CO-
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Figure 1. Schematic illustration of the peak pattern observed in 2D-
BCO-"N acquired for a protein dissolved in a 1:1 mixture of
H,0:"H,0. The exchange peaks shown are observed in 2D-CON-EXSY
(see text), which employs heteronuclear ZZ-exchange spectroscopy to
monitor exchange of magnetization between CO-NH and CO-ND.
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ND) gets separated from the NH (CO-NH) in both F1 and F2
dimension of the 2D spectrum because of two-bond
(*A*CO(D)) and one-bond ('A"N(D)) deuterium isotope
effect on >CO and "N shifts, respectively (Figure 1). Typi-
cally, the *A*CO(D) and 'A”N(D) have a value of around
0.08 ppm™'* and around 0.75 ppm,'” respectively. A separa-
tion (A) of approximately 50 Hz is thus obtained between
CO-NH and CO-ND peaks at a field strength of 164 T
(*H resonance frequency of 700 MHz) used in this study. The
exchange of magnetization between the two species is
characterized by two-site exchange.'® The separation and
thereby the range of exchange rates, k., accessible increases
with the field strength.

A wide range of exchange rates can be measured using this
approach. First, in the case of k., > (nA/ \/i) (corresponding
to ~100s™" at 16.4 T), the two peaks start to coalesce and
exchange rates can be estimated based on their linewidths in
the >N dimension. This estimation is achieved by comparing
the linewidths with that measured in the sample prepared in
100 % H,O (which represents the case of no exchange).!"! The
difference in N linewidths for a residue between the two
samples can be used for measuring the exchange rates,
assuming a two-state exchange model."® Second, for residues
having k. < (®A/Vv2), the ®CO, -"N; cross-peaks corre-
sponding to CO-NH and CO-ND get resolved in F1 and F2
dimensions (Figure 1). In such cases, heteronuclear ZZ-
exchange spectroscopy! is employed (described below)
and the exchange of heteronuclear longitudinal two-spin
order (2C';N,) between CO-NH and CO-ND species is
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monitored as a function of time. Third, for slow exchange
rates (ks <1s7'), the increase in intensity of the CO-ND
cross-peak as a function of time is monitored immediately
upon dissolution of the protein (lyophilized in H,O) in
a mixture of H,0:*H,0.

Using the same sample and spectrum acquired for
measuring exchange rates, the protium—deuterium fractiona-
tion factor (¢) can be measured. The ratio of intensities of the
two cross-peaks corresponding to the CO-NH and CO-ND
gives ¢.' The CO-NH and CO-ND species have different
relaxation rates because of the differential interaction of *CO
and N with '"H versus *H (described in detail in the
Supporting Information). Hence, a correction factor is
needed when measuring ¢ to account for the difference in
the intensities of the isotope-shifted peaks.

Figure 2a shows a selected region of the 2D-CON
spectrum acquired for the intermembrane space region of
TIM23 from S. Cerevisiae (TIM23-IMS; 12 kDa), an essential
component of the mitochondrial protein translocation machi-
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Figure 2. a) A region of 2D-CON spectrum acquired for TIM23-IMS in
a 1:1 mixture of H,0:?H,0. b) A region of 2D-CON depicting the
ambiguity in assigning the CO-ND partner for a given CO-NH peak.
This ambiguity is resolved by acquiring separately NH- and ND-
selective 2D-CON (overlayed in (c)). The spectra were acquired at
16.4 T and 25°C with samples with a concentration of 0.7 mm and

a measurement time of 1.3 h.

nery.? Most of the residues in TIM23-IMS (which is intrinsi-
cally disordered) are well resolved and show the two
diagonally separated CO-NH and CO-ND peaks. The mea-
sured fractionation factors are tabulated in Section S5 of the
Supporting Information. In certain cases, there is an ambi-
guity in identifying the correct CO-ND partner for a given
CO-NH peak (e.g., for L35 shown in Figure 2b). This
ambiguity can be resolved using a modified version of 2D-
CON designed to selectively detect CO-NH and CO-ND
cross-peaks in separate spectra (the radio frequency (r.f.)
pulse scheme is shown in Figure S3). The selectivity is based
on exploiting the one-bond J-coupling between N and HN
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that is present in the CO-NH species and absent in the CO-
ND species. The two peaks (corresponding to CO-NH and
CO-ND) in 2D-CON are thus separated into different
spectra (shown overlayed in Figure 2c).

In the case of fast exchange (k. >100s™' at 16.4T),
a singlet is observed in the 2D-CON because of coalescence
(Figure 3). Correspondingly, a peak at the same chemical
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Figure 3. The *CO-"N cross-peak for Arg91 of TIM23-IMS, acquired
in a 1:1 mixture of H,0:’H,0. The exchange rates measured from *N
linewidths at different temperatures are indicated. The two peaks
observed at lower temperatures correspond to CO-NH and CO-ND, as
verified by acquiring a NH- and ND-selective 2D-CON shown on the
extreme right. Spectra were acquired with samples with a concentration
of 0.7 mm (TIM23) and a measurement time of 1.3 h (Table S1).

T
167.8

shifts as the singlet is observed in each of NH- and ND-
selective 2D-CON spectra. In TIM23-IMS, Arg91 (the peak
of which is shown in dotted box in Figure 2 a) gives a singlet at
298 K implying k., >100s™" (Figure 3). At lower temper-
atures, the NH and ND cross-peaks begin to resolve, thus
indicating a slowing down of exchange. By measuring °N
linewidths in samples prepared in a 1:1 mixture of H,0:*H,O
and 100% H,O (representing no-exchange) and assuming
a two-site exchange,'¥ a k., of approximately 300s™' was
estimated at 308 K. A similar case was observed in another
protein that involves the N-terminal residue of human J-
protein co-chaperone (Dphdy; 140;?" Figure S7). Because of
the difference in relaxation rates of CO-NH and CO-ND, as
mentioned above, an average linewidth of 12 Hz and 8 Hz,
respectively, was observed for TIM23-IMS. Thus, an average
of two linewidths was used to estimate the exchange rates.

For measuring of amide hydrogen exchange rates in the
range 1-15s7!, a slightly modified version of 2D-CON
(referred to as 2D-CON-EXSY; Figure S3) was developed
to monitor the exchange of heteronuclear longitudinal two-
spin order (2C".N,) between the CO-NH and CO-ND species
as a function of time. Figure 4a illustrates the peak pattern
observed for some residues in TIM23-IMS dissolved in a 1:1
mixture of H,0:*’H,O. The exchange rates can be estimated
by fitting the intensity of exchange peaks to the following
equation (Figure 4b; 7,, is the mixing time) assuming two-site
exchange:"¥!

Lexchange—peak = 1o (1 —et Tm) (eiR"Tm) 1)

Here, I, represents the population of CO-NH/CO-ND
species, and R;~1.5s"" the relaxation rate of 2C',N, (an
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Figure 4. a) lllustration of the peak pattern observed in 2D-CON-EXSY
spectrum of TIM23-IMS at different mixing times (indicated at the
top). Selected residues are shown which have different exchange rates.
b) A plot of the intensity of the exchange peak for S80 as a function of
mixing time. The exchange rate was estimated using Equation (1).

c) Surface plot depicting the variation of the intensity of exchange
peaks [/l in Eq. (1)] as a function of exchange rates and mixing time.
Two regions are indicated: k., <1s™' and 1<k, <15s"". The 2D-CON-
EXSY spectra were acquired at 25°C with a sample of TIM23-IMS

(0.7 mm) and a measurement time of 1.1 h (Table S1).

average of 2C',N, (H) and 2C',N,(D)) for proteins used in
the present study (Section S6 of the Supporting Information).

Qualitatively, using mixing times in the range of 0-500 ms,
two exchange regimes can be broadly identified. This result is
based on the assumption that for the exchange peak to be
observed, its intensity should be significant (>10% of the
diagonal).”? For instance, residues that start to show strong
exchange peaks at a mixing time (7,) of 50-150 ms (Fig-
ure 4¢) will typically have k. =1-15s"", whereas those that
have significantly strong exchange peaks starting only from
7,=300-500 ms will have k,<1s' For k,>15s7",
exchange peaks begin to overlap with the originating peaks
in F2 (*C) because of broadening of lines, thus rendering the
measurement of exchange rates difficult for higher k., values.

Using 2D-CON and 2D-CON-EXSY as described above,
residues with different exchange regimes were elucidated in
TIM23-IMS (Figure 5a). It is interesting to note that the
protein, even though intrinsically disordered, has residues
with exchange rates ranging from slow to very fast. In
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Figure 5. a) The number of residues in TIM23-IMS which show
exchange peaks in 2D-CON-EXSY, starting at different mixing time.
b) Residues in TIM23-IMS exhibiting different exchange regimes indi-
cated by different color codes. Residues shown in dotted box are
contiguous residues with slow exchange rates and are close to the
binding site where the incoming precursor proteins bind TIM23-IMS.

particular, a contiguous segment of residues 66-79 exhibit
slower exchange rates (shown in dotted box in Figure 5b).
This result could be due to the fact that this region is close to
the putative site where the incoming precursor proteins bind
TIM23-IMS in association with other components of the pre-
sequence translocases.””

In the case of structured proteins, slow exchange and/or
stronger hydrogen bonds result in weaker CO-ND cross-
peaks compared to those of CO-NH.™ For amides that have
very slow exchange rates (k. <0.1s™"), upon dissolution of
the protein in a 1:1 mixture of H,0:*H,0, the CO-ND peaks
are initially absent, and their intensity increases with time
until an equilibrium is reached. This observation is exempli-
fied for ubiquitin (Figure 6a). The protein sample was
lyophilized in H,O and dissolved in a 1:1 mixture of
H,0:’H,0. For some of the amides with slow exchange
rates (shown in dotted box), the CO-ND peaks are absent,
indicating that the amide groups have not exchanged
sufficiently with *H,O. This result is further verified by
recording the NH- and ND-selective 2D-CON, which con-
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Figure 6. Selected region from a) 2D-CON and b) 2D-NH- and ND-
CON spectrum of ubiquitin showing residues (boxed) that lack CO-
ND peaks because of very slow exchange (also depicted in Figure S8).
b) Intensity plots of amide proton signal of G119 (Dph4g;_;4) upon
dissolution of protein in H,0 in 2D [*N-"H] HSQC (left) and 2D-ND-
CON (right) at different times. Spectra were acquired on ubiquitin

(1 mm) and Dph4g;_14 (around 0.8 mm) samples with measurement
times of 20 min (for a) and 8 min (for b; Table S1).
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firms that a CO-ND peak is indeed absent initially and
appears slowly with time for some residues (Figure S8). In
2D-CON-EXSY, most of the residues do not show an
exchange peak, even at 7, =500 ms at 313 K (Figure S9),
thus implying very slow exchange.!

By lyophilizing the protein in H,O followed by dissolution
in 100% 2H,0, the increase in intensity of CO-ND peaks as
a function of time can be used to measure exchange rates that
otherwise are too fast to be measured from a 2D ["N-'H]
HSQC. In 2D [*N-'H] HSQG, the initial intensity of amide
protons is lost quickly because of the delay of the experiment,
whereas in a series of 2D-CON acquired, the intensity of the
CO-ND peak can be considered as zero at =0, which helps
in calculating exchange rates. This is exemplified for Gly119
of Dph4y; 4, for which the amide exchange rate could not be
measured from 2D ["N-'H] HSQC (Figure 6b, left) because
of a rapid decrease in intensity with time. However, the
exchange rate could be measured from the intensity of the
CO-ND peak in the ND-selective 2D-CON as a function of
time (Figure 6b, right).

In summary, Table1 depicts the different exchange
regimes that can be elucidated using the approach described
above. The 2D-*CO-""N and its variants presented herein

Table 1: Exchange rates measurable from 2D-CON (at 16.4 T).
Method

Exchange rates

BN linewidths!?!
2D-CON-EXSY
Intensity build up

157" <k, <1000s™"
15 <ky<1557"
k<157

[a] Together with *N linewidths measured in sample prepared in 100%
H,0.

provide key advancements over earlier methods for measur-
ing fractionation factors*™” and amide exchange rates.'*!
1) All parameters are obtained from a single type of experi-
ment, thus facilitating rapid analysis. 2) A 2D-CON has good
dispersion and resolution (illustrated in Figure S12 in the
Supporting Information) and is useful particularly for struc-
turally disordered systems.**! (The estimate of signal-to-noise
ratio (S/N) as a function of rotational correlation time is
shown in Figure S13. Note that for proteins with small
molecular weight, higher sensitivity can be obtained using
BC-detected 2D-(HACA)CON, in which the polarization
starts from '"H* (Figure S4 and S10).) 3) Intensities of the
peaks are not affected by the longitudinal relaxation of amide
protons and their interaction with other protons and solvent
magnetization (by exchange/NOE), which has to be consid-
ered in 'HN-detected experiments. 4)The separation
between CO-NH and CO-ND peaks and thereby the range
of exchange rates (k) accessible increases with field strength.
5) The smaller 2A*CO(D) is detected in the direct dimension
in contrast to their detection in the indirect dimension!” which
warrants long measurement times to obtain sufficient reso-
lution. A method that involves the detection of “CO-H and
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BCO-D for measuring amide exchange rates has been
proposed.l'! The method is however a 1D approach that is
limited by the smaller separation between *CO-H and “*CO-
D compared to “N-H and "N-D. The method presented
herein thus has a range of applications, such as in protein-
folding and ligand-binding studies to monitor structural/
dynamic changes, and can be used in conjunction with the
recently developed techniques for measuring very fast proton
exchange rates.'!
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