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Abstract

The effect of hydrogen/deuterium exchange on protein hydrogen bond coupling constants "3Jyc has been invest-
igated in the small globular protein ubiquitin. The couplings across deuterated or protonated hydrogen bonds were
measured by a long-range quantitative HA(CACO)NCO experiment. The analysis is combined with a determin-
ation of the HN/DN isotope effect on the amide group 'Jnc couplings and the N and '3C’ chemical shifts. On
average, H-bond deuteration exchange weakens " Jyc and strengthens !Jxc couplings. A correlation is found
between the size of the N isotope shift, the I5N chemical shift, and the h3JNc/ coupling constants. The data
are consistent with a reduction of donor-acceptor overlap as expected from the classical Ubbelohde effect and the

common understanding that HN/DN exchange leads to a shortening of the N-hydron bond length.

Abbreviations: H-bond — hydrogen bond.

Introduction

Isotopic replacement of hydrogen ('H) by deuterium
(?H) or tritium (PH) in either solute or solvent mo-
lecules is a common technique for the study of bio-
macromolecules. Such experiments include the de-
tection of the exchange of labile hydrogen nuclei in
proteins or nucleic acids (Hvidt and Nielsen, 1966;
Englander et al., 1996; Englander et al., 2003), con-
trast variations and increase of scattering densities in
neutron diffraction techniques (Shu et al., 2000), the
use of 2H,O as a frequency standard or means to
eliminate unwanted 'H,O signals in high resolution
NMR, and the deuteration of biomacromolecules in
order to reduce NMR magnetization losses (Markley
et al., 1968; LeMaster and Richards, 1988; Torchia
et al., 1988; Grzesiek et al., 1993; Rosen et al., 1996;
Salzmann et al., 2000).

Usually it is assumed that the macromolecular
structure remains very similar, regardless of whether
intrinsic hydrogen nuclei are substituted or whether
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the molecules are dissolved in water of varying hy-
drogen isotope content. Yet sometimes considerable
kinetic and thermodynamic hydrogen isotope effects
are observable in such systems. E.g., an up to nine-fold
increase of the catalysis rate of amino acid oxidase was
found when a deuterated substrate was used (Harris
etal., 2001). Increases in transition temperature on the
order of several degrees and decreases in the unfolding
enthalpy of about 15 kcal/mol due to deuteration of
protein and solvent were observed in a study of sev-
eral proteins (Makhatadze et al., 1995). However, such
large enthalpy changes were found to be mostly com-
pensated for by entropic changes of similar size, which
result from the different hydration of proteins in D,O
and H>O. A recent study on kinetic H/D amide isotope
effects (Krantz et al., 2002) concluded that proton-
ated helical H-bonds are stabilized by 9 cal/mol/site
as compared to deuterated H-bonds, whereas no such
isotope effects were observed for 8-sheet H-bonds.
Structural changes within macromolecules upon
deuteration are clearly much less pronounced than the
kinetic and thermodynamic effects. The structural ef-
fects are commonly described in terms of changes
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in bond vibrations. The lower zero-point vibrational
energy of deuterated compounds together with the
anharmonicities of bond potentials leads to a short-
ening of covalent D-X bonds on the order of few
hundredths of one Angstroem as compared to H-X
bonds (Jameson, 1996; Benedict et al., 1998). This
effect manifests itself clearly in NMR as chemical
shift changes of neighboring nuclei, e.g. the well-
described one-bond isotope shift of the X-nucleus
(Hansen, 1988; Jameson, 1996). In a addition, a recent
solid state NMR study gave more direct evidence for
the deuterium-induced covalent bond shortening based
on dipolar couplings (Benedict et al., 1998). Changes
in bond angles on the order of less than 0.5° have
been reported as a result of methyl group deuteration
(Mittermaier and Kay, 2002).

For hydrogen bonds (H-bonds) the shortening of
the covalent bond length upon deuteration is usu-
ally accompanied by a change of the donor-acceptor
distance of similar order. A lengthening of the donor-
acceptor distance upon deuteration is known as the
classical Ubbelohde effect (Ubbelohde and Gallagher,
1955; Smirnov et al., 1996; Benedict et al., 1998),
which has been observed in many X-ray crystallo-
graphic studies of small molecules (e.g., Ubbelohde
and Gallagher, 1955; Kreevoy and Young, 1999).
However, gas-phase studies show that also shorten-
ing of the donor-acceptor distance can occur due to
a coupling of bending and stretching modes (Le-
gon and Millen, 1988; Sokolov and Savel’ev, 1994).
Very little is known about such Ubbelohde effects in
biomacromolecules.

Scalar couplings across H-bonds (Dingley and
Grzesiek, 1998; Pervushin et al., 1998; Shenderovich
et al., 1998; Cordier and Grzesiek, 1999; Cornilescu
et al.,, 1999a) have been shown to have a strong
dependence on the H-bond donor-acceptor distances
(Dingley and Grzesiek, 1998; Cordier and Grzesiek,
1999; Cornilescu et al., 1999b). This finding can be ra-
tionalized by a simplified LCAO-MO Sum-over-States
analysis of H-bond moieties, which shows that the
H-bond couplings depend to a first approximation on
the square of the resonance integrals between the hy-
drogen and the acceptor orbitals and hence on their
overlap (Barfield et al., 2001). Thus H-bond couplings
provide a measure for the overlap of hydrogen and
acceptor atoms.

A recent study on a limited number of H-bonds in
selectively labeled double-stranded DNA reported the
weakening of H-bond h2yuN couplings after H,O/D,0
solvent exchange (Kojima et al., 2000). In the present

work, we have systematically investigated the effect
of hydrogen/deuterium exchange on protein H-bond
coupling constants "3 Jyc in the small globular protein
ubiquitin. We combine this analysis with a determin-
ation of the hydrogen/deuterium isotope effect on the
I5N, 13, and 'H* chemical shifts as well as on the
one-bond Iy couplings, which have been shown to
be dependent on the strength of both peptide group,
i.e. carbonyl and amide, H-bonds (Juranic and Mac-
ura, 2001). The data show that deuteration of protein
backbone H-bonds leads to a slight average decrease
of [P3JIncr|, an increase of |'Jnc|, and a decrease in the
chemical shift, i.e. an increase in the shielding for I5SN
and '3C’. This is consistent with a reduction of H-bond
donor-acceptor overlap, a shortening of the length and
an increase of electron density in the N-hydron bond.

Materials and methods

b3 e couplings

The pulse scheme of the HA(CACO)NCO experiment
used to quantify ">Jyc coupling constants in deuter-
ated protein H-bonds is shown in Figure 1. In order
to observe the MJyc correlations after amide pro-
ton/deuteron exchange via the H* protons, the HN
— N out-and-back INEPT transfer of the original
quantitative H-bond HNCO experiment (Cordier and
Grzesiek, 1999) is substituted by a sequence of three
out-and-back INEPT transfers (H* — C%, C* — C/,
and C' — N) at the beginning (points a-b) and end
(points c-d) of the sequence. Similar to the original
quantitative HNCO, the scheme of Figure 1 is carried
out twice. For the first experiment (A), the 180° 13¢C’
pulses are set close (A4 ~ 0, Figure 1) to the refocus-
ing 180° 1SN pulses in the middle of the 100 ms-long
(2T) N — (' transfer intervals. In this case, sequen-
tial 'Jye couplings (~ —15 Hz) are approximately
refocused, but transfer via the smaller h3JNC/ coup-
lings is achieved. For the second experiment (B), the
180° 13C’ pulses are shifted (A4 = 16.5 ms, Figure 1)
such that transfer by !Inc is optimized. The absolute
size of the MJyc coupling constants can then be de-
termined to a good approximation from the intensity
ratio of the H-bond cross peak (A) and the sequential
cross peak (B): [ Incr| &~ 1/(2nT) atan™ ! ((1a/Ig)'/?)
(Cordier and Grzesiek, 1999). Based on experimental
evidence (Cornilescu et al., 1999b) and theoretical pre-
dictions (Scheurer and Briischweiler, 1999), h3JNC/ is
assumed to be negative in the following.

The experiment was carried out on two 300 pl
aqueous samples of uniformly '’N/'3C-labeled 10 mM
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Figure 1. Pulse scheme of the HA(CACO)NCO experiment used to detect h3y Nc’ connectivities in the case of deuterated backbone H-bonds of
proteins. Narrow and wide bars correspond to rectangular 90° and 180° pulses, respectively. All pulse phases are x, unless specified otherwise.
Iy rectangular pulses are applied at an RF field strength of 31 kHz (carrier at 8.0 ppm, RF field strengths are indicated for the experiment
carried out at 800 MHz). 'H DIPSI decoupling was carried out with an RF field strength of 6.3 kHz. 2H DIPSI decoupling (carrier at 8§ ppm)
was carried out with an RF field strength of 0.7 kHz. DIPSI decoupling was interrupted during the application of pulse field gradients. The
90° and 180° 13C¥ pulses denoted by filled rectangles are applied (carrier at 56 ppm) with an RF-strength of 6.3 and 14.0 kHz, respectively,
such that they have a null in their excitation profile at the carbonyl B frequencies. The 13ca 1g0° pulses denoted by open rectangles are
applied with an RF-strength of 6.3 kHz. GARP 3ca decoupling (3.33 kHz) was carried out during 'H detection (t3). B pulses (carrier at
177 ppm) have the shape of the center lobe of a sinc-function and durations of 0.22 ms (180°) and 0.11 ms (90°). LN rectangular pulses are
applied at 116.5 ppm with an RF field strength of 6.4 kHz. Delay durations: 8 = 1.5 ms, e = 3.5 ms, T = 50 ms, A = 3.7 ms, Ay = 4.5 ms,
A3z = 12 ms. As described in the text, the hatched 180° B pulses are shifted between two positions (A4 = 10 s or 16.5 ms) to obtain
cross and reference spectra, respectively. Phase cycling: ¢ = 2x, 2(—X); ¢2 = 4x, 4(—x); ¢3 = X, —X; receiver = —X, X, X, —X, X, —X,
—X, X. Quadrature detection in the t;, t) dimensions is obtained by States-TPPI phase incrementation of ¢, and ¢3. Pulsed field gradients are
sine-bell-shaped, with peak amplitudes of 30 G/cm at the center and durations (directions) Gj 2 3 4,5 = 5.0 (x), 0.55 (2), 0.55 (y), 0.8 (y), and
1.6 (x) ms.
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ubiquitin at pH* 7 (uncorrected meter reading), 35 °C. and standard deviations from these two independent
The hydrogen isotope composition of the water was determinations.

either 95%/5% or 1%/99% H,O/D,0. The exchange

of water between the two conditions was achieved UIne couplings

by dialysis in Centricon-3 tubes (Amicon). In or-
der to ensure complete exchange of ubiquitin amide
hydrogens with the solvent for these and all other
samples, the pH* was temporarily raised to 9, the
samples were then equilibrated under this condition
at 50 °C overnight, and the pH* was subsequently
restored to 7. Data were collected on a Bruker DRX-
800 spectrometer, equipped with a triple resonance,
3-axis pulsed field gradient probe. For both sample
conditions, spectra were recorded as 50* (13C") x
90* (1°N) x 384* ('H%) complex data matrices with
acquisition times of 22.5, 54, and 40 ms, respect-
ively. The total experimental times for the H-bond (A)
and reference (B) experiments were 40 and 20 h. In
order to obtain estimates of the statistical errors of
the coupling constants, experiments were carried out
twice and the reported h3yqc values refer to mean

Figure 2 shows the pulse scheme of the quantitative
HA(CA)CO(N) experiment suitable for determination
of 'Ine coupling constants in proteins with deuter-
ated amide hydrogen positions. The pulse sequence is
deduced from the HACACO experiment (Ikura et al.,
1990). The magnetization originates on H* protons
and after two INEPT transfers (H* — C*, C* — (),
13C’ frequency labeling is achieved in a constant-time
evolution period between points b and c. In the spirit
of quantitative J-correlation (Bax et al., 1994), the ex-
periment is also carried out once (A) with the 180° 5N
pulse used as a decoupling pulse (A ~ 0) and once
(B) as a coupling pulse (A = T). The absolute value
T is then deduced from the intensity ratio of the
two experiments as Nne | = 1/Q2nT) cos™ (Ip/1a),
and 'Jyc is assumed as negative (Cornilescu et al.,
1999b) in the following.
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Figure 2. Pulse scheme of the HA(CA)CO(N) experiment used to
determine !Jycr coupling constants. Narrow and wide bars corres-
pond to rectangular 90° and 180° pulses, respectively. All pulse
phases are x, unless specified otherwise. Iy rectangular pulses are
applied at an RF field strength of 37 kHz, the carrier is centered
on the water resonance (RF field strengths are indicated for the
experiment carried out at 600 MHz). TH DIPSI decoupling was
carried out with an RF field strength of 5 kHz. The filled 90° and
filled (open) 180° 13ca rectangular pulses, carrier at 56 ppm, are
applied with an RF-strength of 4.7 and 10.5 (4.7) kHz, respectively,
such that they have a null in their excitation profile at the carbonyl
B frequencies. GARP 13ca decoupling (3.1 kHz) was carried
out during 'H detection (tp). B pulses (carrier at 177 ppm) were
applied at an RF field strength of 4.7 kHz. 5N rectangular pulses are
applied at 116.5 ppm with an RF field strength of 6.25 kHz. Delay
durations: 8 = 1.5 ms, ¢ = 3.5ms, T = 16.5 ms, A; = 3.7 ms,
Ay = 16.2 ms (attenuated) or 10 us (reference). Phase cycling:
¢1 =X,—X, 92 = 2X, 2(—X), ¢3 = 8%, 8y, ¢4 = 4x, 4(—x), receiver
=R, —R, —R, R, with R = x, —x, —x, X. Quadrature detection in
the t; dimension is obtained by States-TPPI phase incrementation

.....

(z), 0.7 (y), 2.15 (x), 1.6 (—z), 0.4023 (z) ms.

The HA(CA)CO(N) experiments were carried out
on a Bruker DRX-600 spectrometer, equipped with a
triple resonance, 3-axis pulsed field gradient probe.
Spectra were recorded as 52* (13C) x 384* ('H%)
complex data 2D matrices with acquisition times of
31.2 and 63.9 ms, respectively. The experimental time
for each of the two experiments was 4 hours. In or-
der to obtain estimates of the statistical errors, each
experiment was carried out twice.

The 2HN/'HN isotope effect on the 'Jyc coup-
ling constants was determined by measuring the !Jyc
couplings on two 300 pl aqueous samples of uni-
formly 'N/!3C-labeled 2 mM ubiquitin at pH* 7,
at 35 °C with a water hydrogen isotope composi-
tion of either 95%/5% or 1%/99%. The isotope effect
AlTno(PTHN) was then calculated as the difference
of the !Jyc coupling of the heavier minus the lighter
isotopomer.

lAlsN(z/lHN), 2A13C/(2/1HN), and4AlHOl(2/lH)
isotope shifts

Intraresidue one-bond isotope shifts on amide PN
nuclei, 1A15N(2/ 1H), interresidue two-bond isotope
shifts on the carbonyl 13C resonance, ZA3C’ (2/ lH),
and interresidue four-bond isotope shifts on the 'H®
resonance, *A'H*(>/!H), resulting from amide pro-
ton/deuteron substitution were determined by a 3D
HA(CA)CON experiment (Wang et al., 1995). This
experiment was performed on a 300 wl aqueous
sample of uniformly ’N/!3C-labeled 2 mM ubiquitin
in 50% H,0/50% D,0, at pH* 7, at 35 °C. Data
were collected on a Bruker DRX-600 spectrometer,
equipped with a triple resonance, 3-axis pulsed field
gradient probe. The 3D data matrix consisted of 40*
(13C) x 100* (PN) x 384* ('H*) complex data points
with acquisition times of 32, 120 and 51.1 ms, respect-
ively. For the estimation of the statistical error, two
identical experiments were recorded with total experi-
mental times of 20 h each. For most amide groups ex-
cept prolines, two individual HA(CA)CON crosspeaks
with equal intensity could be observed resulting from
deuterated or protonated amide groups. Following the
convention introduced by Gombler (1982), the n-bond
isotope shifts "AX(* 'HY) were calculated as the dif-
ference of the 15N, By , or TH® chemical shifts of
the crosspeak corresponding to the heavier isotopomer
minus the respective values for the lighter isotopomer.

Results
h3Jne couplings

Figure 3 shows a strip plot of the results of the long-
range HA(CACO)NCO carried out on the 1%/99%
H>0/D,0 ubiquitin sample. In total, 20 h3JNC/ con-
nectivities could be observed via the deuterated H-
bonds. Also visible are one intraresidue 2 (144)
and a number of not completely suppressed sequential
1Jne connectivities. The MJye couplings calculated
from intensity ratios of cross-correlation peaks and the
respective reference peaks yield values between —0.3
to —0.8 Hz (Table 1) for the deuterated H-bonds.

In order to compare these values to the proton-
ated H-bonds, a second long-range HA(CACO)NCO
experiment was carried out under identical conditions
for the 95%/5% H,O/D,0 ubiquitin sample. Due to
the enhanced dipolar relaxation from the amide hy-
drogen nucleus in protonated H-bonds (Wang et al.,
1995), the sensitivity on this sample was about 2—
3 times weaker than for the DO sample. In this
case, only ten MJyc correlations could be observed
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Figure 3. 3D HA(CACO)NCO spectrum showing through deuterated H-bond h3JNC/ connectivities for ubiquitin in 1%/99% H,O/D;O. Strips
were extracted from the 3-dimensional data cube at the N frequency of the H-bond donor residue and the IH frequency of its preceding
amino acid. The horizontal axis is labeled by the residue name of the H-bond donor. Resonances are labeled by the residue name of the
correlated 13C’ atom. The spectrum was recorded with a total experimental time of 40 h.

(Table 1). Albeit there is a large scatter of the indi-
vidual data points that is caused by the experimental
noise and possibly true structural deviations, the abso-
lute size of the "Jyc couplings in HyO seems very
slightly stronger than the corresponding couplings
in DO (Figure 4A). The mean difference amounts
to <MIye(H,0, HA(CACO)NCO) — MJye(D,0,
HA(CACO)NCO)> = —0.04 + 0.04 Hz (N = 10).

A very similar result was obtained when the
data were compared to "Jyc values derived from
a long-range HNCO-TROSY experiment with amide
proton detection in 95%/5% H,O/D,O (Table 1).
Most of the "3Jycr-couplings in H,O derived by the
HNCO experiment have a slightly larger absolute
size than the corresponding values in D,O from the
HA(CACO)NCO experiment (Figure 4B). The aver-
age difference <"Jxco(H,0, HNCO) — "3 )y (D,0,
HA(CACO)NCO)> amounts to a similar value of
—0.03 £ 0.03 Hz (N=20). Clearly, the latter com-
parison could be affected by possible systematic dif-
ferences between the quantitative HA(CACO)NCO
and the HNCO experiment. However, the agree-
ment between the ™Jyc values in H,O obtained
by the two schemes is quite reasonable: the aver-
age difference <M3Jye(H,0, HNCO) — My (H,0,
HA(CACO)NCO)> amounts to only —0.01 +0.03 Hz

(N = 10) and no systematic deviations appear between
the two data sets (Figure 4C). Hence, the analysis of all
experiments is consistent with a very modest strength-
ening of 0.03 & 0.03 Hz of the h3 ync-interactions for
protonated versus deuterated amide H-bonds.

The small change in the couplings should im-
ply a small change in the overlap between the elec-
tronic orbital of the hydrogen and the acceptor oxygen
in the protein H-bonds. To estimate this change in
overlap, to a first approximation the empirical for-
mula Ar/A = —1/4 Aln|"Jyc| (Cornilescu et al.,
1999b; Cordier and Grzesiek, 2002) could be used
for an assumed linear H-bond, where Ar indicates
the change in hydrogen-acceptor distance. Thus, for
h3jnor-couplings of about —0.4 Hz, the difference
of 0.03 &+ 0.03 Hz of deuterated vs. protonated H-
bonds would correspond to a change in the hydrogen-
acceptor distance of 0.02 & 0.02 A.

Yne couplings

A strong correlation between peptide group !Jyc and
H-bond MJyc coupling constants has been reported
by Juranic and Macura (2001), where a weakening
of H-bonds and MJyc couplings corresponds to a
strengthening of the !Jxcr coupling constant:
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Figure 4. Comparison of h3JNC/ values obtained for deuterated and protonated H-bonds by different experiments indicated in Table 1.
(A) HA(CACO)NCO in H>O vs. HA(CACO)NCO in D,0. (B) HNCO in HyO vs. HA(CACO)NCO in D;0. (C) HNCO in HyO vs.
HA(CACO)NCO in H,O. Dashed lines correspond to the average differences between the respective data sets.

Table 1. List of trans-hydrogen/deuterium bond h3JNC/ values?®
determined in human ubiquitin

HY ' Mjye (0,000 MBiye H0)

BN

(H,0, HNCO)

3 15 —-041+£0.01 —-043+0.01 —0.45

6 67 —0.61+002 —-058+0.02 —0.59

7 11 —-0.56+0.03 nd® -0.57
13 5 —0.65+0.00 nd® -0.71
15 3 —-0.56+0.01 —0.62+0.07 —0.60
17 1 —0.55+0.00 nd® —0.54
23 54 —0.55+0.04 nd® —0.54
27 23 —-044+£007 —-048+£0.06 —0.51
30 26 —0.32+£0.02 nd® —0.37
31 27 —-035£003 —-040+0.02 —0.40
32 28 —028+002 > —0.29f -0.29
42 70 —0.49+£0.02 nd® —0.51
44 68 —-0.55+0.00 —0.62+0.04 —0.59
50 43 —0.62+0.01 nd® —0.61
57 19 -031£001 —-039+£0.06 —0.39
64 2 —0.78+0.00 nd° —0.81
67 4 —-055+£002 —-0.62+£0.03 —0.66
68 44 —-0.61£002 —-059+£0.02 —0.63
69 6 —-046+0.03 nd° —0.52
70 42 —-0.59+£001 —-0.61+£0.00 —0.59

2All values are given in Hz. Errors represent standard deviations
from two independently carried out experiments.
b h3JNC/ values are obtained from the HA(CACO)NCO experi-
ment carried out at 1%/99% H,0/D;0, 35 °C.
¢ h3JNC/ values are obtained from the HA(CACO)NCO experi-
ment carried out at 95%/5% H,0/D;0, 35 °C.

d h3JNC/ values are linearly intrapolated from values repor-
ted at 25 and 45 °C obtained at 95%/5% H,0O/D,0, pH 6.5
by the long-range quantitative HNCO experiment (Cordier and
Grzesiek, 2002).

€No M3) Ne Values could be determined due to overlap with the
not completely suppressed water resonance.

fNo cross peak above the noise threshold was detected. An up-
per bound for |h3 JNer| was determined from the noise threshold
value and the intensity of the reference peak.

ne(k k — 1) 4+ 2.74 B3y (k, m)
—0.88 M Jyc(n, k— 1)+ 15.6 Hz =0,

where k, m, n indicate the residue numbers of the
respective N and C’ nuclei.

It was therefore of interest to examine whether
the H/D exchange leads to detectable changes in the
lJne values. Figure 5A shows the Iy couplings
determined by the quantitative HA(CA)CO(N) exper-
iment for ubiquitin in 5% D>0/95% H>O. As noticed
before (Juranic et al., 1995), there is a dependency
of the size of Iy on the secondary structure, with
Jner values of about —15 Hz in a-helical and B-sheet
conformations, and stronger (more negative) lJNC/
values in turn configurations (Figure 5A). Upon H/D
exchange, a further shift to more negative 'Jyc val-
ues (i.e. a strengthening of 'Jyc/) can be observed.
The strengthening has an almost linear dependence
on the D,O content (data not shown). Figure 5B
shows the difference AlJnc/(¥THN) =!I CHN) —
1JNC/(IHN ) obtained for the change from 5%/95% to
99%/1% D,O/H,0 for all observed residues in ubi-
quitin. The isotope effect is quite uniform over the
entire protein sequence. Exceptions are the prolines
where only small changes are observed due to ab-
sence of the amide hydrogen. The all-residue-average
of AlIne¥'™HN) amounts to —0.25 + 0.07 Hz in
ubiquitin (excluding values for prolines). A similar
average change of —0.30 £ 0.16 Hz was observed for
the similar sized human Y-box protein YB1 (data not
shown).

It is interesting to compare the isotope effects on
h3Jye and e to the M3 Ine /! Iner correlation given
by Equation 1. This correlation implies that all other
things being equal, changes in "Jyc should be about
—1.86 (= 0.88-2.74) times smaller than changes in
Iy, Thus the observed average strengthening in

ey
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Figure 5. 2/TgN isotope effect on IJNC/ coupling constants. A:
IJNC’ couplings obtained by the quantitative HA(CA)CO(N) ex-
periment on a sample of ubiquitin in 95% H0/5% D;,O. Sec-
ondary structure elements of ubiquitin are indicated. B: difference
Ao CHEN) =l CHY) - Lige (HY) obtained from the
data shown in (A) and from a second experiment carried out in 1%
H;0/99% D, 0. The average of AIJNC/(Z/ THN) excluding prolines
is shown as a dashed line.

UIne couplings of 0.25 Hz would imply an expected
average weakening in "*Jyc couplings of 0.13 Hz for
deuterated H-bonds. Clearly, the observed change of
0.03 + 0.03 Hz for My is not consistent with this
value expected from the relation in Equation 1. The
reason for this is unclear, but it appears that Equation 1
is not applicable for estimating correlations between
the !Ixe and M3 Iy isotope effects.

Amide H/D isotope effects on amide SN and 3C’
chemical shifts

Since the chemical shift of the amide N and car-
bonyl 13C’ nuclei should be a reporter on the be-
havior of electronic wavefunctions in the peptide
bond, we have also determined the respective iso-
tope effects on these nuclei resulting from amide
H/D exchange. The one-bond amide 'AN(*/THN)
and two-bond carbonyl 2A13C/(*THN) isotope shifts
were determined from a 3D HA(CA)CON experiment
on a 50%D>0/50%H,0 ubiquitin sample as the fre-
quency differences of crosspeaks corresponding to the
deuterated or protonated amide nitrogen.

Figure 6A shows the ' APN(?/THN) isotope shifts
as a function of residue number with values ranging
from —0.6 to —0.75 ppm. Within ubiquitin’s a-helix,
ABN(/THN) adopts quite uniform values of about
—0.65 ppm, whereas more negative shifts of about
—0.7 ppm are observed for most residues in B-sheet
conformations. Since the derivative of the shielding
surface, do/dr, is usually negative (Jameson, 1996), the
negative ' ABN(*'HN) values indicate a shortening of
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Figure 6. 2/TgN isotope effect on I5N and 13C’ chemical shifts.
Data were obtained from a 3D HA(CA)CON on a sample of
ubiquitin in 50% H,0/50% D,O. Secondary structure elements
of ubiquitin are indicated. A: TALSN@E/THN) isotope shifts. B:
2A13C/(2/11—{N) isotope shifts. C: 4AIH“‘(Z/IHN) isotope shifts.
Statistical errors in the isotope shifts are on the order of few ppb
and are only shown for AATHY(2/THN),

the N-hydron bond length upon "HN/2HN exchange.
In some cases, correlations between one-bond isotope
shifts and chemical shifts have been observed in chem-
ically related compounds (Jameson, 1996). Thus, as-
suming similar isotope displacements, the steepness of
the shielding surface is often correlated to the shield-
ing o itself. This is also evident for the ' APN(/THN)
isotope shifts: glycine residues, which have upfield
shifted '°N resonances, i.e., increased '3N shieldings,
show the smallest absolute size 'APN(Z/THN) iso-
tope shifts (Figure 6A). Considering all residues, a
reasonable linear correlation can be found between
TABNE/THN) and 83N (Figure 7A). A linear fit
yields

TABN@THN) = —0.00487 3'°N — 0.0940 ppm  (2)

with a correlation coefficient r = 0.72 (N=68). The
correlation can be improved by including " Jyc (H-
bond to the nitrogen atom of the peptide group) as
a second linear parameter for residues where b3 yne
has been determined. Figure 7B shows a comparison
between a linear fit for these residues including only
315N or also h3JNC/. In the case of the double linear fit,
the regression yields

TABN@EHNY = —0.00406 31°N

B By 3)
0.0678 "Inc — 0.149 ppm
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Figure 7. Linear regressions of TAISNE/THN) isotope  shifts,
15N chemical shifts (319N) and h3JNC/ coupling constants. A:
LALS N(z/ 1HN) isotope shifts calculated from a linear correlation
to 315N against measured values. B: TAISNE/THN) isotope shifts
calculated from a linear correlation to 315N (open circles) and from
a double linear correlation to 3N and 13J Nev (filled circles) against
measured values. See text.

with a correlation coefficient r = 0.85 (N=29). The
F-value (ratio of the chisquare difference between
linear and double linear fit relative to the reduced
chisquare of the double linear fit) is 8.55. Therefore,
the improvement is to 99.3% significant according to
the F-test criterion (Bevington and Robinson, 1992).
Thus, it is clear that the ' APN(*/THN) isotope shift is
correlated with "3Jyc and therefore with the H-bond
donor-acceptor overlap. No significant correlations
were found when values for 'Jyo or MIye from the
H-bonds to the carbonyl oxygen were included into the
linear fit.

The one-bond 'APN(*/'HN) isotope shifts res-
ult in a large separation of the 3D HA(CA)CON
crosspeaks corresponding to deuterated or protonated
amide groups. This makes it possible to determine
the two-bond /'HN isotope shift of the '3C’ nuc-
leus from the same two crosspeaks. Figure 6B shows
the ZA13C/(>/THN) isotope shifts obtained as the 3¢’
chemical shift differences of the amide deuterated or
protonated HA(CA)CON crosspeaks. With the ex-
ception of several loop regions, the 2A3C/(?/1HN)
isotope shifts are quite uniform with values around
—0.08 ppm. This observation is consistent with val-
ues reported by Tuchsen and Hansen (1991) on
slowly exchanging H-bonds in BPTI. Similar to the
TABN(Z/THN) shifts, the negative 2ABC/*/HN) val-
ues give evidence for an increased shielding of the
13C’ nucleus upon amide H/D exchange. Noted excep-
tions from this uniform behavior are p-turn residues
T7-G10, F45, and the C-terminal, flexible residues
R72-G75. For these residues, significantly reduced
two-bond ZA3C/(¥/1HN) isotope shifts are observed
(Figure 6B). Very likely, this reduction is due to the

increased hydrogen exchange rates observed for these
residues (Cordier and Grzesiek, 2002). The exchange
rates are of similar size as the ZABC/(¥/'HN) fre-
quency separation and therefore lead to an averaging
of the two isotopomer frequencies and a consequent
reduction of the apparent isotope shift. This explana-
tion is supported by the observation of significant line
broadening in the '3C’ dimension for these residues.
In principle, the separation of the 3D HA(CA)CON
crosspeaks by the large ' APN(>/THN) isotope shifts
can also be used to determine the * ATH*(?/'HN) iso-
tope shifts with high precision and sensitivity. The
values vary between 5 ppb and —2 ppb with a certain
correlation to secondary structure (Figure 6C).

Discussion

In the present work we have studied the *HN/'HN
isotope effect on h3yne and ne couplings as well
as on 1N, 13C’, and 'H® chemical shifts. The res-
ults show that amide deuteration induces a very slight
weakening of 0.03 # 0.03 Hz for the MJyc coup-
lings, whereas the ! Jyer couplings are strengthened by
0.25 & 0.07 Hz. In addition, the peptide group PN
and 13C’ nuclei have increased shieldings, i.e. upfield
shifts of about 0.65 ppm and 0.08 ppm, respectively.
The isotope effect on the "¢ couplings is consistent
with a recent study on a limited number of H-bonds
in double-stranded DNA (Kojima et al., 2000). In the
latter case, the ZHN/'HN isotope exchange reduces the
larger " Jxn couplings (~ 7 Hz) by about 0.3-0.4 Hz.
Thus, the relative change of H-bond couplings upon
deuteration is of similar order (5-10%) in proteins and
nucleic acids.

According to the Born—Oppenheimer approxima-
tion, electronic wavefunctions are separable from the
nuclear wavefunctions, and electronic behavior can
be calculated with nuclear positions being treated as
parameters. Thus there is no mass dependency per se
of the electronic wave functions and molecular elec-
tronic properties such as nuclear shielding or scalar
couplings. The isotope effects are rather the result
of a different averaging of these electronic properties
over the various nuclear positions that are accessible
to the molecule due to zero-point and thermal mo-
tions. The mass difference of the isotopes leads to
different kinetic energies and thus to different nuc-
lear trajectories over which the electronic properties
are being averaged. For the case of the 2HN/'HN iso-
tope effects, it is obvious that the anharmonicity of
the bond potential and the larger deuteron mass leads



to a decrease of the average HN-N distance as com-
pared to the 'HN-N distance. This in turn corresponds
to higher electron density within the N-hydron bond
and probably also within the peptide bond. The ob-
served increase in shielding for I5N and 13, and the
concomitant strengthening of !Jyc are consistent with
this notion.

Whereas the ZHN/'HN isotope effects on the °N
and '3C’ shieldings and on the Iy couplings are un-
derstandable from the different averaging of the ZHN
and 'HN nuclear positions, within the context of a pro-
tein, the isotope effect on h3yuc also involves motions
of the acceptor that could be influenced by other than
local effects, e.g. isotope effects from nearby H-bonds
or solvation.

In the following an attempt is made to use the
isotope effect on the ™Jyc couplings in order to es-
timate the change in H-bond donor-acceptor distance
and the Ubbelohde effect in proteins. The observed
weakening of the H-bond couplings is consistent with
an average decrease of the donor-acceptor overlap by
0.02 £ 0.02 A in deuterated protein H-bonds. It is in-
teresting to compare this finding to 2HN/'HN isotope
effects in crystallographic structures. Data of sufficient
resolution on proteins are very limited. A comparison
of a recent room temperature (298 K) neutron diffrac-
tion structure of amide-deuterated myoglobin (PDB
code 1L2K, Engler et al., 2003) to a room temperature
(287 K) x-ray structure of amide protonated myo-
globin (PDB code1BZ6, Kachalova et al., 1999) yields
an average increase of N-O distances in backbone
H-bonds of 0.03 & 0.06 A for the amide-deuterated
myoglobin. An increase of similar order (0.015—
0.017 A) upon hydrogen/deuterium exchange was
found for the donor-acceptor distances in intermolecu-
lar O-H- - - O hydrogen bonds of the small crystalline
compound sodium hydrogen bis(4-nitrophenoxide) di-
hydrate (Kreevoy and Young, 1999).

Since ™Iy couplings are a measure of the overlap
of hydrogen and oxygen acceptor orbitals in H-bonds
(Barfield et al., 2001; Barfield, 2002), the changes
in MBIy couplings will not only depend on changes
of the donor-acceptor N-O distances, but also on
changes of the covalent N-hydron bond lengths. The
neutron diffraction study of myoglobin (Engler et al.,
2003) determined average amide N-D bond lengths of
0.98 A. Due to the unfavorable scattering properties
of HyO, neutron diffraction studies are usually carried
out in D, O solvent and the current PDB entries do not
contain N-H distances of high precision from neutron
diffraction. Average N-H bond lengths in the hydro-
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gen atom refined 0.54 A resolution X-ray structure of
crambin at 100 K (PDB code 1EJG, Jelsch et al., 2000)
are 1.01 A. Thus, the observed change in N-H vs. N-
D bond lengths in protein crystallographic studies is
about 0.03 A. This is of similar size as typical isotope
effects of about 0.02 A observed for the covalent N-
H or C-H bond lengths in small polyatomic molecules
(see e.g., Jameson and Osten, 1984).

If both the lengthening of the N-O distance and the
shortening of the N-hydron distance contribute addit-
ively, one would expect an increase of about 0.04—
0.06 A in the hydrogen-acceptor distance upon hy-
drogen/deuterium exchange in a protein backbone H-
bond. Considering the crudeness of the assumptions,
the neglect of other effects, such as an increase in the
nitrogen/hydrogen orbital overlap, angular changes,
and the limited precision of both structural and M Jycr
data, this estimate does not seem inconsistent with
the average decrease in hydrogen-acceptor distance
of 0.02 £ 0.02 A derived from the "Jyc couplings.
However, it should be stressed that due to the large
statistical scatter, the current data only provide a
certain limit on the size of the Ubbelohde effect in
proteins. It is also very likely that other intramolecu-
lar interactions in proteins hinder the relaxation to the
full equilibrium geometry of protonated or deuterated
H-bonds. Thus this situation is somewhat different
from the intermolecular H-bonds of small crystalline
molecules where this equilibrium is achieved more
easily.

The small size of Ubbelohde effects should not
mislead to underestimate their energetic importance.
This is evident from the following estimate of the elec-
trostatic energy of the H-bonds in proteins. Assuming
partial elementary charges of —0.44 (N), 0.16 (H),
—0.18 (0), and 0.32 (C') determined from the ultra-
high resolution structure of crambin (Jelsch et al.,
2000) and distances dyg = 1.01 /0%, dno = 2.87 A,
dco = 1.23 A in a typical H-bond with linear geo-
metry, a dielectric constant of 2 for the H-bonded
protein interior, the cross H-bond part of the Cou-
lomb energy as given by Eyo + Enc + Eno + Enc
(Ej = qiqj/(ed;j)) amounts to —938 cal/mol. If H-
bond deuteration leads to an increase by 0.03 A in
dno and a decrease by 0.03 A in dng distances, the
electrostatic attraction is reduced to —916 cal/mol.
Thus deuteration would destabilize such an H-bond by
22 cal/mol. This very crude estimate is in quite reason-
able agreement with a value of 9 cal/mol determined
in a recent study of helical H-bonds (Krantz et al.,
2002). Usually the free energy differences between
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folded and unfolded states of proteins are small, e.g.,
3—4 kcal/mol were observed for CspA and RNaseH
(Jaravine et al., 2000). Therefore, deuteration of all
H-bonds in a protein could lead to considerable dif-
ferences in the total internal energy relative to the
stabilization of the folded state.
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