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Hydrogen-Bond Detection, Configuration Assignment and
Rotamer Correction of Side-Chain Amides in Large
Proteins by NMR Spectroscopy through Protium/
Deuterium Isotope Effects
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Introduction

The carboxamide moieties of asparagine and glutamine resi-
dues in proteins can serve as hydrogen-bond (H-bond) donors,
acceptors, or both, and are frequently involved in H-bond net-
works. Consequently, Asn and Gln residues are often found in
the active centers of enzymes and critical elements of other
proteins, and play important roles in molecular recognition,
catalysis, structure, and stability.[1]

Despite their chemical and biological importance, H bonds
are least-well defined in protein structures, which are mainly
determined by X-ray crystallography and NMR spectroscopy. In
general, X-ray cannot “see” hydrogen atoms in most protein
crystals, and the positions of hydrogen atoms are consequently
not defined. On the other hand, NMR structure calculations
rely on mostly the distances between hydrogen atoms and the
positions of the heavy atoms involved in hydrogen bonds are
defined by standard covalent geometry information. In the
case of side-chain carboxamides, the identities of the nitrogen
and oxygen atoms are also hard to recognize by X-ray crystal-
lography because the nitrogen and oxygen atoms within a car-
boxamide group are related by a twofold symmetrical axis and
their electron density maps are very similar. Consequently,ACHTUNGTRENNUNGerroneous rotamer assignments of side-chain amides are fre-
quently found in protein crystal structures. It has been estimat-
ed[2] that ~20 % of side-chain amide rotamers are incorrect in
protein crystal structures deposited in the Protein Data Bank

(PDB).[3] A similar error rate in solution NMR spectroscopic
structures of proteins has also been estimated.[4]

One of the most important advances in NMR spectroscopy
in the last decade was the direct detection of H bonds through
trans-hydrogen-bond scalar couplings. Trans-hydrogen-bond
scalar couplings are generally small and thus cannot be mea-
sured for large proteins. Unlike the electron-mediating scalar
couplings, isotope effects are intrinsically vibrational phenom-
ena; however, because isotope effects can be transmitted
through covalent bonds as well as H bonds, potentially they
can be used as an alternative means for the direct detection of
H bonds.

The usefulness of isotope effects in NMR analysis of com-
pounds, small proteins, and nucleic acids has been widely
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The configuration and hydrogen-bonding network of side-chain
amides in a 35 kDa protein were determined by measuring differ-
ential and trans-hydrogen-bond H/D isotope effects by using the
isotopomer-selective (IS)-TROSY technique, which leads to a relia-
ble recognition and correction of erroneous rotamers that areACHTUNGTRENNUNGfrequently found in protein structures. First, the differential two-
bond isotope effects on carbonyl 13C’ shifts, which are defined as
D2D13C’(ND) = 2D13C’ ACHTUNGTRENNUNG(NDE)-2D13C’ ACHTUNGTRENNUNG(NDZ), provide a reliable means
for the configuration assignment for side-chain amides, because
environmental effects (hydrogen bonds and charges, etc.) are
greatly attenuated over the two bonds that separate the carbon
and hydrogen atoms, and the isotope effects fall into a narrow
range of positive values. Second and more importantly, the sig-
nificant variations in the differential one-bond isotope effects on

15N chemical shifts, which are defined as D1D15N(D) = 1D15N(DE)-
1D15N(DZ) can be correlated with hydrogen-bonding interactions,
particularly those involving charged acceptors. The differential
one-bond isotope effects are additive, with major contributions
from intrinsic differential conjugative interactions between the E
and Z configurations, H-bonding interactions, and charge effects.
Furthermore, the pattern of trans-H-bond H/D isotope effects can
be mapped onto more complicated hydrogen-bonding networks
that involve bifurcated hydrogen-bonds. Third, the correlations
between D1D15N(D) and hydrogen-bonding interactions afford an
effective means for the correction of erroneous rotamer assign-
ments of side-chain amides. Rotamer correction by differential
isotope effects is not only robust, but also simple and can beACHTUNGTRENNUNGapplied to large proteins.
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ACHTUNGTRENNUNGreported in the literature.[5–6] Several lines of evidence have
shown a clear correlation between primary deuterium (D) iso-
tope effects and the strength of H bonds.[7–8] Because the NMR
spectroscopic direct observation of deuterium is limited by the
experimental conditions, broad linewidth, and low sensitivity,
current studies have been focused on secondary H/D isotope
effects. With the advent of triple-resonance NMR spectroscopic
techniques and the availability of isotope-enriched materials,
extensive and in-depth studies on deuterium isotope effects
on the chemical shifts of proteins and nucleic acids have
become possible. For instance, the 2D HA(CA)CO experiment
has been used for measuring 2D13C’(ND) in the study of the
equilibrium protium/deuterium fractionation of backbone
amides in human ubiquitin;[9] 3D13Ca(ND) and 2D13Ca(ND) iso-
tope effects have been measured with 3D HCA(CO)N and 3D
HCAN experiments, respectively, for the correlation of 13Ca

chemical shifts with the backbone conformation;[10] backbone
2D13C’(ND), 3D13Ca(ND) and 3D13Cb(ND) isotope effects have also
been measured with new editing and filtering techniques.[11–12]

Because isotope effects on chemical shifts are generally small,
most of their biological applications to date have been limited
to small proteins and nucleic acids. Deuterium isotope effects
on protein side-chain amides have rarely been studied because
side-chain amide resonances are normally invisible in standard
TROSY-based NMR spectroscopy experiments, which are re-
quired for large proteins. Recently, we have demonstrated that
the TROSY methodology can be adapted for the detection of
the NMR spectroscopic signals of side-chain amides with a sig-
nificantly enhanced sensitivity, particularly for large proteins,
through the combined use of a 1:1 H2O/D2O solvent mixture
and deuterium decoupling.[13–14] The new TROSY technique,
dubbed isotopomer-selective (IS)-TROSY, exclusively detects
semideuterated isotopomers of carboxamide groups of Asn/
Gln residues in large proteins with high sensitivities just as the
detection of backbone amides with standard TROSY experi-
ments.

The two primary amide protons within a side-chain carboxa-
mide group usually show different chemical shifts, due to the
slow interconverting rate that stems from the partial double-
bond character of the C’-Nd/e (Asn/Gln) amide bonds. One of
the geminal amide protons is in the trans E configuration with
respect to the carboxamide oxygen and normally has a down-
field (high frequency) chemical shift ; the other, in the cis Z con-
figuration, shows an upfield chemical shift. The order of their
chemical shifts could be reversed, however, due to aromatic
ring current effects and/or strong H-bonding interactions.
Therefore, the stereospecific resonance assignment of side-
chain amide protons is a prerequisite for further NMR spectro-
scopic studies of side-chain amides in proteins.

We report here the differential secondary H/D isotope effects
on the side-chain amides of yeast cytosine deaminase (yCD), a
35 kDa homodimeric protein that was measured by the IS-
TROSY-based technique. We show that the measurement of
differential isotope effects is an effective means for the assign-
ment of configurations, identification of hydrogen bonds, and
correction of erroneous rotamers of side-chain amides.

Results and Discussion

Differential one-bond H/D isotope effects on side-chainACHTUNGTRENNUNGcarboxamide 15N chemical shift

Although the understanding of isotope effects on NMR chemi-
cal shifts is incomplete, from accumulated experimental obser-
vations over decades, it is generally accepted that the magni-
tude of the isotope effects depends not only on the ratio of
isotope masses but also on the chemical-shift range of theACHTUNGTRENNUNGnucleus.[5, 15] The larger the chemical-shift range of the nucleus,
the larger are the isotope effects. For instance, the size of one-
bond deuterium isotope effects on the chemical shift of amide
15N, defined as 1D15N(D) =d15N{H}�d15N{D}, is up to ~700 ppb
in proteins, because amide 15N chemical shifts are well dis-
persed. In protein backbones, variations in 1D15N(D) depend
primarily on the difference in hydrogen-bonding interactions[9]

and electric field effects from charges in the vicinity of amide
protons.[16–18] The effects of conformation are relatively small
because the amide proton is typically in the trans configura-
tion with respect to the carbonyl oxygen of the preceding resi-
due.

For the side-chain carboxamides of Asn and Gln residues,
the two geminal protons have different configurations. The N�
HE bond is trans to the C=O bond and has a stretching fre-
quency higher than that of the N�HZ bond, which is cis to the
C=O bond. One of the important properties of amides is their
tendency to involve the nitrogen atom lone pair in the carbon-
yl p system; this results in the partial double-bond character,
that is, both the C’�N and C’�O bonds have a bond order of
1.5, which makes the amide group planar and rigid. Conse-
quently, the two geminal N�HE and N�HZ bonds have different
orientations with respect to the adjacent p orbitals, which is
somewhat reminiscent of the much less restricted orientations
of the two geminal C�Ha bonds in a glycine residue.[19] As a
result of different (hyper)conjugations, the N�HE bond length
is likely 1–2 % shorter than that of the N�HZ bond as deter-
mined by neutron diffraction,[20–21] although the difference was
not detected by solid state NMR spectroscopic measure-
ments.[22] The configuration-dependent changes in the vibra-
tional manifold lead to differential isotope effects, and it fol-
lows that 1D15N(DE) is intrinsically larger than 1D15N(DZ). In
other words, the difference in the secondary isotope effects
or the differential one-bond isotope effects, D1D15N(D) =
1D15N(DE)�1D15N(DZ), is normally positive.

The measurement of one-bond H/D isotope effects, 1D15N-ACHTUNGTRENNUNG(DE/Z), is straightforward for small proteins, as illustrated in the
top panel of Figure 1. In a standard 15N,1H HSQC spectrum re-
corded for a small protein in the H2O/D2O solvent mixture, nor-
mally four resonances (dashed circles) for each side-chain
amide can be observed, one pair from the fully protonated iso-
topomer (large dashed circles) at the downfield in the 15NACHTUNGTRENNUNGdimension and the other from the two semideuterated iso-
topomers (small dashed circles) at upfield. The neat differential
H/D isotope effects on one-bond 15N chemical shifts,
D1D15N(D), can, in principle, be measured from the 15N chemi-
cal shift difference between the two semideuterated peaks
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(the two smaller dashed circles) if there is no signal over-
lap and the sensitivity is high enough. For large proteins,
however, the direct measurement of 1D15N(D) is often im-
possible because resonances of 15NH2 isotopomers are
weak due to the strong dipole–dipole interaction be-
tween the geminal protons, especially in the presence of
H bonds,[13–14] and the chance of signal overlap is high. In
the 2D 15N,1H IS-TROSY spectrum, however, the two pro-
tonated resonances are filtered out,[23] and thus the spec-
trum is simplified. More importantly, the experiment ex-
clusively detects the so-called TROSY peak with a high
sensitivity, which is the lower right component of each
quartet (the TROSY component is represented as a small
filled circle, and the three non-TROSY components are as
open circles).[13–14] Figure 1 A is a region of the 2D
15N,1H IS-TROSY spectrum of yCD. The resonance of the
15N�HE{DZ} isotopomer has the 15N chemical shift modified
by the 1D15N(DZ) isotope effect from the Z position and
that of the 15N�HZ{DE} isotopomer by 1D15N(DE) from the
E position. The measured differential one-bond isotope ef-
fects, D1D15N(D) = 1D15N(DE)�1D15N(DZ), are summarized in
Table 1. Duplicated experiments indicate that the differen-
tial isotope effects could be measured with high accuracy
(the standard error was less than 5 ppb). These differential
isotope effects can be accurately measured even when
the linewidth is larger than the chemical shift difference
in the 15N dimension because the corresponding proton
resonances are well separated, which is similar to theACHTUNGTRENNUNGaccurate measurement of small J couplings in exclusive
correlation spectroscopy (E.COSY) type of spectra.[24] The
adoption of the TROSY technique and deuteration actual-
ly makes the linewidth very narrow, even for large pro-
teins.

As expected, most (ten out of eleven) of the D1D15N(D)
values for yCD were positive, which is characteristic of
configurational effects, but their magnitudes varied signif-
icantly and one of them (Asn51) was even negative. The
large variations in D1D15N(D) indicate that the magnitude
of 1D15N(D) is sensitive to the H-bonding interactions that
are involved, and to charges in the vicinity of the amide
proton, which will be discussed later.

It is noteworthy that the apparent magnitude of
D1D15N(D), as measured directly from the 15N,1H IS-TROSY
spectrum, is not a neat differential isotope effect. Rather,
it is modified by the difference between the 1JNH(E/Z) cou-
pling constants for the E and Z amide protons in semi-
deuterated isotopomers because the chemical shift of the
TROSY resonance is away from the corresponding HSQC
resonance by half of the one-bond scalar coupling con-
stant in both 1H and 15N dimensions (Figure 1, top panel).
These one-bond scalar couplings can be accurately mea-
sured by 15N-coupled 15N,1H HSQC experiments (see the
Supporting Information) with the yCD NMR spectroscopic
sample in 3:1 H2O/D2O. The result shows that for all side-
chain amides, except for Asn51, 1JNHE{DZ} of 15NHE{DZ} is 1–
4 ppb larger than 1JNHZ{DE} of 15NHZ{DE} in the 1H dimension
at the 900 MHz field, which is commensurate with 10–

Figure 1. Regions of A) 2D 15N,1H IS-TROSY and B) 2D IS-TROSY-H(N)CO spectra of
yCD showing Asn/Gln side-chain amide resonance correlations. Above A) is a sche-
matic diagram that illustrates how the differential H/D isotope effects on one-bond
15N chemical shifts, D1D15N(D) = 1D15N(DE)�1D15N(DZ), are measured in the 2D 15N,1H
IS-TROSY spectrum. Both spectra A) and B) were recorded by using a Bruker Avance
900 MHz NMR spectrometer that was equipped with a TCI cryoprobe at 25 8C with
a u-2H/13C/15N-labeled protein sample in 1:1 H2O/D2O. The differential H/D isotope
effects on one-bond 15N chemical shifts, D1D15N(D) = 1D15N(DE)�1D15N(DZ), modified
by scalar couplings, and on two-bond 13C’ chemical shifts, D2D13C’(ND) = 2D13C’-ACHTUNGTRENNUNG(NDE)�2D13C’ ACHTUNGTRENNUNG(NDZ), where E stands for the trans and Z the cis side-chain amide hy-
drogen atoms, can be accurately measured from the chemical-shift difference in
the indirect dimension for the same carboxyamide moiety. Paired side-chain NH{D}
resonances of each Asn/Gln residue are linked by two dash lines across the center
of each resonance, and the chemical-shift difference is indicated with paired
arrows. Stereospecific distinction between the E and Z protons can be achieved
based on the difference in isotope effects (refer to the text for details). Spectrum
A) was recorded with eight scans and a 2 s delay time, t1max ACHTUNGTRENNUNG(15N) = 93 ms and t2max-ACHTUNGTRENNUNG(1HN) = 285 ms; this resulted in the experimental time of 2.4 h; B) was recorded with
64 scans and a 1.8 s delay time, t1max ACHTUNGTRENNUNG(13C) = 110 ms and t2maxACHTUNGTRENNUNG(1HN) = 285 ms; this re-
sulted in the experimental time of 29.8 h. Before Fourier transformation, the raw
data were zero-filled; this resulted in a 0.5 Hz digital resolution in the indirect di-
mension for spectrum A) and 1.0 Hz for B).
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40 ppb in the 15N dimension; repeated measurements essen-
tially gave the same result. Because the magnitude of 1JNHE{DZ}

for 1HE is generally 1–4 Hz larger than that of 1JNHZ{DE} for 1HZ,
the differential D1D15N(D) isotope effects are apparently “en-

hanced” by (j 1JNHE{DZ} j� j 1JNHZ{DE} j )/2, that is, 0.5–2.0 Hz (5–
20 ppb at the 15N frequency of 90 MHz). Asn51 is the sole ex-
ception and its 1JNHE{DZ} is slightly smaller (2 ppb) than 1JNHZ{DE};
this is likely due to the very strong H bonding and charge
effect through its Z proton. Because the differences of paired
one-bond scalar coupling constants are quite uniform and rela-
tively small at ultrahigh magnetic fields as measured with yCD,
variations in apparent D1D15N(D) from IS-TROSY in essence
manifest the same changes in neat differential isotope effects
caused by configuration, H bonding, charge effects, etc. For
the sake of simplicity, we will not further discuss the enhance-
ment of the differential isotope effects by the small difference
in the scalar coupling constants.

Differential two-bond H/D isotope effect on side-chainACHTUNGTRENNUNGcarboxamide 13C’ chemical shift

It has long been documented that the magnitude of isotope
effects decreases rapidly with increasing number of bonds that
separate the observed nucleus and the isotope-substitutedACHTUNGTRENNUNGposition.[15] In protein backbones, however, the amide H/D iso-
tope effects on two-bond 13C’ chemical shifts, 2D13C’(ND), are
surprisingly large, and range from 100 to 200 ppb.[11–12] In con-
trast, the two-bond isotope ACHTUNGTRENNUNGeffects on 13Ca, 2D13Ca(ND), are
generally less than 100 ppb but are sensitive to the backbone
conformation.[10] Traditionally, the large backbone 2D13C’(ND)
isotope effects are used for resonance assignments of pep-
tides[25–26] and small proteins.[27–28] These two-bond isotope ef-
fects are also considered to be correlated with intraresidual
H bonds in antiparallel b sheets, as demonstrated in the small
protein BPTI,[29] although the reported magnitude falls into a
rather narrow range, 60–90 ppb, in this case. The backbone
amide proton of a residue is in the trans configuration with re-
spect to the carbonyl oxygen of the preceding residue, which
is characterized by the positive two-bond scalar coupling con-
stant, 2JHC’, between the amide proton and carbonyl carbon.
Similarly, one of geminal protons in a side-chain carboxamide
is in the trans configuration and shows a positive 2JHC’ coupling
constant as in the backbone, but the other is in the cis config-
uration and is characterized by a negative 2JHC’ coupling con-
stant.[30] This feature has been used for the stereospecific reso-
nance assignment of side-chain amide protons in small pro-
teins[31] and larger ones as well.[13] In side-chain carboxamide
moieties of Asn/Gln residues, for the same reason of differen-
tial conjugative interactions and thus stretching frequencies,
the magnitude of 2D13C’ ACHTUNGTRENNUNG(NDE) from the E position is larger than
2D13C’ ACHTUNGTRENNUNG(NDZ) from the Z position. As a result, the differential
two-bond isotope effects, D2D13C’(ND) = 2D13C’ ACHTUNGTRENNUNG(NDE)�2D13C’-ACHTUNGTRENNUNG(NDZ), are expected to be positive too. The magnitude of
D2D13C’(ND) can be readily measured from the 2D IS-TROSY-
H(N)CO spectrum (Figure 1 B).[13] It is worth noting that unlike
D1D15N(D), the magnitude of D2D13C’(ND), as measured from
the 2D IS-TROSY-H(N)CO spectrum, represents neat differential
isotope effects with no contribution from scalar couplings. The
D2D13C’(ND) values of 11 Asn/Gln residues in yCD are indeed
all positive (Table 1), in spite of the diversity in H-bondingACHTUNGTRENNUNGinteractions and charge effects among individual side-chain

Table 1. Differential secondary protium/deuterium isotope effects and
corresponding H-bond patterns of side-chain carboxamides in yCD.

Residues D1D15N(D)[a]ACHTUNGTRENNUNG(ppb)
D2D13C’(ND)[b]ACHTUNGTRENNUNG(ppb)

H-bond patterns[c]

Gln12 109 37 N�HE···Od1 of Asp16
(2.88/3.11 �; 135/1648)[d]

Asn39 65 36 C=Od1···H�Nbb of Lys41
(2.75/3.03 �; 122/1578)
C=Od1···H�Nbb of Asp42
(2.87/4.24 �; 146/1408)

Asn40 103 41 N�HE···Od1 of Asp81
(2.86/2.89 �; 171/1688)
N�HZ···O=Cbb of Thr82
(3.22/3.28 �; 137/1328)
C=Od1···Hg1�Og1 of Thr83
(2.68/2.74 �; 166/1418)

Asn51 �18/�4 57/23 N�HE···O2 of IPy
(2.90/2.92 �; 171/1698)
N�HZ···Od1 of Asp155
(2.90/2.92 �; 162/1628)
C=Od1···H�Nbb of Arg53
(2.84/2.88 �; 158/1568)

Gln55 128/41 57/17 N�HE···Oe2 of Glu28
(2.87/2.87 �; 156/1578)
C=Oe1···H�Nbb of Gln55
(2.69/2.77 �; 144/1438)

Asn70 84 37 N�HE···O=Cbb of Arg48
(2.77/2.83 �; 172/1768)

Asn111 125 40 N�HE···Oe2 of Glu119
(2.90/2.94 �; 162/1618)

Asn113 231/260 39/24 N�HE···Oe1 of Glu110
(2.57/2.62 �; 158/1668)[d]

N�HZ···O=Cbb of Lys138
(3.09/3.14 �; 154/1468)[d]

Gln123 53 35 N�HE···O=Cbb of Glu119
(2.94/3.64 �; 146/1298)

Gln143 64 33 N�HE···Oh of Tyr126
(3.02/3.06 �; 130/1208)[d]

Gln150 54 37 no H bond

[a] D1D15N(D) = 1D15N(DE)�1D15N(DZ), difference in one-bond H/D isotope
effects on carboxyamide 15N chemical shifts, where E stands for the trans
position and Z the cis position of side-chain amide protons with respect
to the carboxyamide oxygen. The values were measured directly from
the 2D 15N,1H IS-TROSY spectrum without correction for differential 1JNH(E/Z)

scalar coupling constants. The bold numbers include the contributions
from trans-H-bond isotope effects. The standard error in repeated meas-
urements is less than 5 ppb and RMSD to the mean is about 2 ppb;
[b] D2D13C’(ND) = 2D13C’ ACHTUNGTRENNUNG(NDE)�2D13C’ ACHTUNGTRENNUNG(NDZ), difference in two-bond H/D
isotope effects on carboxyamide 13C’ chemical shifts, where E stands for
the trans position and Z stands for the cis position of side-chain amide
protons with respect to the carboxyamide oxygen. The magnitudes that
result from modifications of trans-H-bond isotope effects are in bold. The
standard error in repeated measurements is less than 5 ppb and RMSD to
the mean is about 2 ppb; [c] H bonds A�H···B involving the carboxyamide
group of individual Asn/Gln residues in yCD derived from the 1.14 � reso-
lution crystal structure (PDB ID code: 1P6O); A designates the hydrogen
donor and B the acceptor, followed by distances [�] between heavy
atoms A and B in two subunits with the corresponding H-bond angles in
degrees; bb superscripted stands for protein backbone; [d] H bonds are
formed only if positions of the nitrogen and oxygen atoms of the
carboxyamide moiety are swapped in the crystal structure.
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amides. The influences of H bonding and/or charges appear to
be largely attenuated over two bonds. Those side-chain
amides with one of their geminal protons that are involved in
H bonding with a negatively charged group, such as the car-
boxylate of an Asp/Glu residue, have slightly larger isotopeACHTUNGTRENNUNGeffects, but the magnitudes of these two-bond differentialACHTUNGTRENNUNGisotope effects all fall into a narrow range of 33–57 ppb. The
result indicates that D2D13C’(ND) can be used for the configura-
tion assignment of side-chain amides.

Trans-hydrogen-bond H/D isotope effects

In a very recent publication, we reported the first detection of
bifurcated hydrogen bonds by NMR spectroscopy by trans-H-
bond H/D isotope effects.[32] Specifically, in the 1:1 H2O/D2O
solvent mixture, the resonances of side-chain 15N,1HE{DZ} of
Asn51, the backbone amide of Asn113, and the side-chain
15N,1HE{DZ} of Asn113 show doublets in the 1H dimension,
which are caused by H/D isotope effects from the backbone
amide protons of Gly63, Val112, and a bound water molecule,
respectively, across H···O···H type of bifurcated H bonds.[32] Un-
expectedly, the backbone amide resonance of either Gly63 or
Val112 appears as a singlet; this indicates that the observed
trans-H-bond isotope effects are asymmetrical. As such, the 2D
15N,1H IS-TROSY spectrum per se does not seem to identify
both residues involved in the bifurcated H bonds. The two
amide protons that are linked to each other in the H···O···H bi-
furcated H-bonding network, however, are close enough in
space (<4 �) so that their correlation can be exclusively estab-
lished in the NOESY spectrum under the highly deuterated
background in concert with the information from trans-H-bond
isotope effects. Figure 2 shows a region of the 2D 1H,1H projec-
tion of the 3D [15N,1H]-IS-TROSY-dispersed-NOESY spectrum of
yCD together with the corresponding 2D 15N,1H IS-TROSY spec-
trum. The weaker component (upfield) of the backbone amide
resonance of Asn113 shows a cross peak with the backbone

amide proton of Val112 in the NOESY spectrum, whereas the
stronger component (downfield) does not; this indicates that
the former is the resonance that corresponds to the protonat-
ed isotopomer and the latter is the deuterated isotopomer.
This is consistent with the conclusion that is based on the
spectral comparison with two yCD samples in 1:1 H2O/D2O and
in 95:5 H2O/D2O, respectively.[32] Interestingly, the chemical
shift for the backbone amide proton of Val112 from the NOE
cross peak that links the backbone amide proton of Asn113
(Figure 2 B) is not exactly the same as the corresponding reso-
nance in the 15N,1H IS-TROSY spectrum (Figure 2 A), but rather
it is found at about 10 ppb towards the upfield. This difference
must be caused by the trans-H-bond H/D isotope effects,
2hD1H, from the backbone amide of Asn113, that is, the chemi-
cal shift of the Val112 resonance in the IS-TROSY spectrum cor-
responds approximately to the isotopomer that the backbone
amide of Asn113 is deuterated because the protonated com-
ponent is expected to be weaker, whereas the chemical shift
of the Val112 cross peak in the NOESY spectrum must corre-
spond exactly to the protonated component. In other words,
combined with the IS-TROSY spectrum, the IS-TROSY-dispersed
NOESY spectrum provides not only the valuable correlation in-
formation between the two amide protons that are connected
through bifurcated H bonds, but also the magnitude and sign
of the 2hD1H isotope effect even when it is smaller than the
line width. The sign of the 2hD1H isotope effect for Val112 is
negative, but the small 3hD15N isotope effect through the
Val112-N�H···O···H/D-Asn113 hydrogen bonds for Val112 ap-
pears positive, although the magnitude is very small. No NOE
was observed between the backbone amide proton of Gly63
and the side-chain amide protons of Asn51 within the limited
measuring time, presumably because the relative population
of the fully protonated or each semideuterated isotopomer of
a side-chain amide is only about half of the corresponding pro-
tonated backbone amide in the mixture solvent, and the spin
diffusion within the nearby protonated ligand is expected to

be a negative factor to theACHTUNGTRENNUNGexpected NOE. Nonetheless, in
principle, such NOEs involving
side-chain amide protons should
be detectable and provide valua-
ble correlation information in
concert with trans-H-bond iso-
tope effects for the assignment
of Asn/Gln rotamers.

Interestingly, neither the mag-
nitudes nor the signs of the two-
bond isotope effect, 2hD1H, and
the three-bond isotope effect,
3hD15N, that are transmitted
through 15N�H···O···H/D bifurcat-
ed H bonds are uniform, which
probably reflects the diversity in
geometries and/or electronic
features of the corresponding H-
bonding networks. In addition, a
closer inspection reveals that the

Figure 2. Regions of A) the 2D 15N,1H IS-TROSY spectrum and B) the 2D projection of 3D 15N,1H IS-TROSY-dispersed
NOESY spectrum of yCD with u-2H/13C/15N labeling in 1:1 H2O/D2O. The spectrum was recorded by using a Bruker
Avance 900 MHz NMR spectrometer. Experimental and data processing conditions were the same as in Figure 1.
Inset in panel A) shows the suggested hydrogen-bonding network of Asn113, which is derived from the 1.14 �
crystal structure of yCD (PBD ID code: 1P6O) after flipping the side-chain oxygen and nitrogen positions.
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1HE resonance of Gln55 also shows doublets in both 1H and 15N
dimensions of the IS-TROSY spectrum. Because it forms bifur-
cated H bonds together with the He2 of His50 to the Oe atom
of Glu28 in the crystal structure, the splittings are most likely
due to trans-H-bond isotope effects with positive 12 ppb of
2hD1H in the 1H dimension and a small positive 3hD15N in the
15N dimension (Figure 3). Furthermore, the four-bond H/D iso-
tope effect on the side-chain carboxamide carbon, 4hD13C’,
which is transmitted through 13C’-N�H···O···H/D bifurcated
H bonds, can be observed in the 2D H(N)CO-IS-TROSY spec-
trum (Figure 4). The signs of 4hD13C’ for all the three bifurcated
H bonds are positive. They are those between the side-chain
amides of Asn51, Gln55 and Asn113 and the backbone amide
of Gly63 through the carbonyl oxygen (O2) of the ligand, the
side-chain He2 of His50 through the side-chain Oe of Glu28 and
a water molecule through the side-chain Oe of Glu110, respec-

tively. The sign of 4hD13C’ for the backbone amide of Asn113
due to the bifurcated H bond of the backbone amide of Val112
through the carboxyl oxygen of Glu110 also appears positive,
although the magnitude is negligibly small (Figure 4). The
modified differential isotope effects that are due to the trans-
H-bond isotope effects are also listed in Table 1 (bold text).

Correlation with H-bonding network

Whereas the narrow range of positive differential two-bond
D2D13C’(ND) isotope effects is useful for the configuration as-
signment of side-chain amides, the large variations in the dif-
ferential one-bond D1D15N(D) isotope effects can be correlated
with H bonds that are involved in the side-chain amides. Two
crystal structures of yCD in complex with a transition state ana-
logue (PDB ID codes: 1UAQ and 1P6O) at the resolutions of

1.6 �[33] and 1.14 �,[34] respectively, have been pub-
lished. Because the 1P6O structure is of much higher
resolution, we will mainly use this as the reference to
illustrate the contraventions and uncertainties in the
H-bonding interactions of side-chain carboxamides,
as revealed by measured H/D isotope effects. In the
crystal structure, side-chain amide protons of Gln12,
Asn39, Asn113, Gln123, Gln143, and Gln150 are ex-
posed to the solvent and make no, or weak H-bond-
ing interactions to potential acceptors. Except for
Gln12 and Asn113, all these solvent-exposed amides,
as evidenced by their sharp and poorly dispersed res-
onances in the 2D 15N,1H correlation spectra, render
uniform magnitudes of D1D15N(D) and D2D13C’(ND)
that range from 52–65 ppb and 33–37 ppb, respec-
tively; this reflects the neat conjugative difference
between the E and Z configurations. Surprisingly, the
D1D15N(D) effects of Gln12 and Asn113 are about two
times (109 ppb) and four times (231 ppb), respective-
ly, larger than those of other residues within this
group. Apparently, there must be contributions from
other factors. Both theoretical calculations[35] and ex-
perimental measurements[10] with model compounds
and small proteins indicate that one-bond H/D iso-
tope effects on 15N chemical shifts, 1D15N(D), depend
on H-bonding strengths (in terms of bond lengths
and angles) and charges, which arouse electric field
effects in the vicinity of the amide proton.[16–18] It has
been widely accepted that upon H bonding, the po-
tential of stretching vibrations become more asym-
metrical with a lower zero-point energy for a deuteri-
um in comparison with a protium; this leads to an
enlarged difference in the bond lengths between
15N�H and 15N�D, and thus a larger isotope effectACHTUNGTRENNUNGresults.[5] Moreover, ionization could greatly affect H
bonding; a positively charged donor and/or a nega-
tively charged acceptor will strengthen the H bond
by virtue of an increased attraction in electron densi-
ties associated with the acceptor and donor.[7] As
such, negative charges at the H/D acceptor site, such
as the carboxyl oxygen atoms of an acidic residue,

Figure 3. Regions of the 2D 15N,1H IS-TROSY spectra of u-2H/13C/15N labeled yCD in A) 1:1
H2O/D2O and B) 95:5 H2O/D2O. The spectra were recorded by using a Bruker Avance
900 MHz NMR spectrometer. Experimental and data processing conditions were the
same as in Figure 1. The doublets of Gln55-NHE{HZ} resonance were caused by trans-H-
bond H/D isotope effects mediated by the bifurcated H bond of His50-He/De as illustrated
in the top diagram.
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strengthen the H bond through hyperconjugative interactions
with the amide moiety and give rise to more significantACHTUNGTRENNUNGisotope effects. Therefore, the unexpectedly large D1D15N(D)
values of Gln12 and Asn113 most likely result from H bonding
and charges. Indeed, if the positions of the nitrogen and
oxygen atoms in the side-chain carboxamides are flipped, the
1HE of Gln12 might form a H bond with the carboxylate group
of Asp16 and the 1HE of Asn113 might form a H bond with the
carboxylate group of Glu110 (Table 1). The H bond that in-
volves the 1HE of Asn113 is strong, with a short bond length
(~2.60 � between the heavy atoms) and a nearly ideal bond
angle (�1608). However, the H bond that involves the 1HE of
Gln12 is rather weak with a longer bond length and smaller
bond angle. This is also indicated by its sharp resonances and
the chemical shift, which is characteristic of a flexible side-
chain amide. Therefore, the large D1D15N(D) magnitude for
Gln12 is likely mainly caused by the negative charge of Asp16,
which enhances the isotope effect by at least 40 ppb, and the

much larger magnitude for
Asn113 must be due to the com-
bined result of the charge and a
strong H bond with Glu110. The
correlations between the large
D1D15N(D) magnitudes and
charge and/or H-bond strength
for Gln12 and Asn113 are con-
firmed by the observation of
large D1D15N(D) magnitudes for
Asn40 (103 ppb), Gln55
(128 ppb) and Asn111 (125 ppb),
the 1HE atoms of which form
H bonds with the negatively
charged carboxyl oxygen atoms
of Asp81, Glu28, and Glu119,ACHTUNGTRENNUNGrespectively, with similar bond
lengths (~2.9 �) and angles
(155–1708). Interestingly, the 1HZ

(not 1HE) of Asn51 forms a
H bond with the carboxyl
oxygen of Asp155 (negatively
charged), which apparently over-
whelms the combined contribu-
tions from differential configura-
tions and differential 1JNHE{DZ}/
1JNHZ{DE} coupling constants as
well as the neutral H bond be-
tween the 1HE of Asn51 and the
O2 atom of the ligand, and
makes its D15N(DZ) larger than
D15N(DE)—thus a slightly nega-
tive value of D1D15N(D)—be-
cause the contribution from the
charged H bond is at least two-
times larger in magnitude than
that of the configuration effects.
On the other hand, the 1HE of
Asn70 forms a neutral H bond

with the backbone carbonyl oxygen of Arg48 and the magni-
tude of its D1D15N(D) is 84 ppb, which is 20–30 ppb larger than
those involved in no, or very weak H bonding, but at least
20 ppb smaller than those involved in H bonds with negatively
charged acceptors. For the side-chain amide of Gln123, its 1HE

could form a weak H bond to the backbone carbonyl oxygen
(no charge) of Glu119 with a bond length of 2.94 � in one sub-
unit of the crystal structure, but the corresponding distance is
as long as 3.64 � in the other subunit, which is unlikely to
form a H bond. This is supported by the unstructured character
of its side-chain resonances. The 1HE of Gln143 could form a
weak H bond to the Oh of Tyr126 if the side-chain N/O atom
positions of the former are swapped. The side-chain amide of
Gln150 does not form any H bond in the crystal structure. The
H-bonding contributions to D1D15N(D) through the side-chain
carboxamide oxygen appear rather small. For instance, the
side-chain oxygen of Asn39 forms bifurcated H bonds to both
backbone amides of Lys41 and Asp42, but its D1D15N(D) mag-

Figure 4. The 2D IS-TROSY-H(N)CO spectrum of u-2H/13C/15N-labeled yCD in 1:1 H2O/D2O. The spectrum was re-
corded by using a Bruker Avance 900 MHz NMR spectrometer. The doublet Asn/Gln side-chain amide cross-peaks,
which are enclosed with dashed squares and enlarged with solid squares, were caused by trans-H-bond isotope
effects 2hD1H and 4hD13C’. The spectrum was recorded with 128 scans and a 1.8 s delay time, t1max ACHTUNGTRENNUNG(13C) = 71 ms and
t2max ACHTUNGTRENNUNG(1HN) = 285 ms; this resulted in the experimental time of 41 h. Before Fourier transformation, the raw data
were zero-filled; this resulted in a 1.0 Hz digital resolution in the indirect dimension.
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nitude is only 65 ppb, similar to those without or with weak
H bonding.

Based on the above analysis on the isotope effects listed in
Table 1, an empirical quantification emerges as described in
Equation (1) that contains additive contributions to differential
one-bond H/D isotope effects on 15N chemical shifts of side-
chain amides:

D1D15NðDÞ � 1D15NðDEÞ�1D15NðDZÞ ¼
Dc þ Dj þ Dh þ De þ Do þ Da

ð1Þ

The first two terms are intrinsic: Dc is the contribution of con-
figurational effects with a positive magnitude of 40–45 ppb
and Dj is the contribution of differential 1JNHE{DZ}/

1JNHZ{DE} cou-
pling constants normally with a positive magnitude of 5–
20 ppb (at the 90 MHz field). The third term, Dh, reflects the
contributions from H-bonding interactions; a weak H bond can
account for 10 ppb and a normal one for 30 ppb, and the sign
is positive if 1HE is involved, but negative if 1HZ is involved. The
term De represents the contribution of charges involved in
H bonds, that is, negatively charged Asp/Glu side-chain carbox-
yl oxygen atoms as hydrogen acceptors in this work. It is
about 40 ppb for a weak H bond. However, De might be over
140 ppb for a strong H bond with a positive sign if 1HE is in-
volved, but negative if 1HZ is involved in the H bond. The term
Do is the H-bonding contribution through the oxygen atom of
a side-chain carboxamide and is normally small, only about
10 ppb. The last term, Da, is the contribution from trans-H-
bond isotope effects, which can vary significantly, as described
earlier. In brief, the magnitude of D1D15N(D) in side-chain
amides is intricately governed by the differential configurations
but significantly modified by H-bonding interactions, particu-
larly those with charged H-bond acceptors, such as carboxyl
oxygen atoms of Asp/Glu residues. Significant deviations in
D1D15N(D) from the nominal values of solvent-exposed, flexible
side-chain amides (50–60 ppb at the 90 MHz field) are strongly
indicative of H bonding and charges, and can be directly corre-
lated with H-bonding networks.

It is noteworthy that typically only the 1HE or 1HZ, but not
both, of a side-chain amide forms a H bond with a negatively
charged acceptor, because the proximity of two negatively
charged groups is energetically unfavorable. On the other
hand, both the 1HE and 1HZ of a side-chain amide could form
neutral H bonds simultaneously, which might result in a small
neat contribution to D1D15N(D). There is, however, not such a
case in yCD. Perhaps one would expect a smaller D1D15N(D) in
comparison with non-H-bonded situations if only 1HZ forms a
neutral H bond. Unfortunately, there is not such an example in
yCD either. This speculation must await the observation in
more proteins with high-resolution structures.

Rotamer correction

As described in the Introduction section, a rather high percent-
age of side-chain amide rotamers is incorrectly assigned in
both crystal and NMR structures of proteins. Such errors are
found even in ultrahigh-resolution crystal structures, for exam-

ple, the 0.85 � resolution crystal structure of the 122-residue
acutoaemolysin.[36] Of the eleven side-chain amides of this pro-
tein, three have incorrect rotamers. Residual dipolar coupling
(RDC) data have been used for the identification of erroneous
side-chain amide rotamer assignments in 16 high-resolution
crystal structures of hen egg-white lysozyme.[37] Of the 146 ro-
tamers that were assigned based on the NMR spectroscopic
data, 26 are inconsistent with those in the crystal structures.
Whereas RDC analysis is very powerful for the correction of
side-chain amide rotamer assignment errors, acquisition of
RDC data is much more complicated than the measurement of
differential isotope effects. Moreover, the 1H–1H RDC data for
side-chain amides are difficult to obtain for large proteins,ACHTUNGTRENNUNGbecause of line broadening due to strong dipole–dipole inter-
actions, unless the IS-TROSY strategy is adopted.[13, 14]

The differential secondary isotope effects of side-chain
amides provide a simple means for the correction of the erro-
neous rotamer assignments. Based on the analysis of the differ-
ential secondary isotope effects as described above, the side-
chain 1HE proton of Asn113 forms a strong H bond with
charged groups. The H bonding of Asn113 as revealed by dif-
ferential isotope effects is inconsistent with the side-chain
amide rotamer assignments for this residue in both subunits of
the 1.14 � resolution crystal structure. Although the side-chain
amide of Gln12 can form a transient H bond with the carboxyl
group of Asp16, it is mobile. Consequently, the side-chain
amide Gln12 adopts one conformation in subunit A of the
1.14 � crystal structure, but another in subunit B. The rotamer
assignments of all other Asn/Gln side-chain amides are consis-
tent with the differential isotope effects. In all, this analysis
identifies two rotamer assignment errors in this high-resolution
crystal structure. For the 1.6 � resolution crystal structure the
rotamer assignment for Asn113 is correct for both subunits.
The conformation of the side-chain amide of Gln12 in subunit
A is completely different from that in subunit A of the 1.14 �
crystal structure, but that in subunit B is 1808 rotated from
that in subunit B of the 1.14 � crystal structure, that is, a flip-
ping of the rotamer; this underscores the mobility of the side-
chain amide. The flipping of the side-chain amide in the 1.6 �
resolution crystal structure allows it to form a hydrogen bond
with the carboxyl group of Asp16. The side-chain amide rotam-
ers of Gln55, Asn70, and Asn111 are all inconsistent with the
differential isotope effects—they require flipping to form
H bonds. In total, there are six side-chain amide rotamer as-
signment errors in this crystal structure as listed in Table 2.

Because of the frequent errors in side-chain amide rotamer
assignment in protein structures, computational approaches
have been developed for correcting the errors.[2, 4, 36] In particu-
lar, two web servers are available for the identification and cor-
rection of such errors, one server (MolProbity, http://molprobity.
biochem.duke.edu/) uses steric clashes after the addition of hy-
drogen atoms as a criterion for identifying such errors[38] and
the other (NQ-Flipper, http://flipper.services.came.sbg.ac.at)
uses an empirical potential as a criterion for identifying such
errors.[36] We submitted both yCD crystal structures to the web
services to check their side-chain rotamers; the results are
listed in Table 2. Both MolProbity and NQ-Flipper identified
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three rotamer errors in the 1.14 � crystal structure, including
one for Gln12, which is mobile. However, NQ-Flipper also iden-
tified two residues (Gln123 and Gln143) in subunit B for rota-
mer flipping, but such flipping is not necessary for both resi-
dues upon visual inspection. With respect to the 1.14 � struc-
ture, MolProbity recognized all six rotamer assignment errors
that were identified by the differential isotope effects and also
recommended an additional four residues for flipping that
were deemed unnecessary upon visual inspection. NQ-Flipper
correctly identified only four rotamer assignment errors. The
two rotamer errors for Gln55 were not identified, but five Asn/
Gln residues with apparently correct rotamers were recom-
mended for rotamer flipping. With respect to the two yCD
structures, MolProbity did a better job in identifying side-chain
rotamer errors than NQ-Flipper, but both programs recom-
mended some rotamers for flipping deemed unnecessary
upon visual inspection.

To better understand side-chain amide flipping, we per-
formed a 5 ns molecular dynamics (MD) simulation of the com-
plex of yCD with the transition state analogue, which was es-
sentially an extension of a previous MD analysis of yCD[39] with
a newer version of the Amber MD package (version 8)[40] and
force field (ff03).[41] It should be noted that no rotamer error
correction was made to the initial structure for the MD simula-
tion. The data analysis was based on individual subunits to
obtain better statistics. Figure 5 shows the time evolution of
the Ca atom RMSDs of two subunits with the coordinates of
the crystal structure as reference. The first eleven residues are
not included in the analysis because the N-terminal segment is
highly mobile as in the previous MD simulations. The average
Ca RMSD over the 5 ns MD simulation is 0.96 � for subunit 1
and 1.10 � for subunit 2. The average mass-weighted RMSD for
all heavy atoms is 1.49 � for subunit 1 and 1.62 � for subunit 2.
The result indicates that the structural changes in the protein
are not large, and the MD simulation is stable. Based on a
trace-back RMSD analysis, the system reaches a stationary
point at ~0.75 ns.

Further data analysis, which focused on the motions of the
side-chain amide groups was performed on the trajectory ex-
tracted from the last 4 ns. The side-chain amide motions in this
analysis were measured by the c2 torsion angle (Ca�Cb�Cg�Od)

for Asn and the c3 torsion angle (Cb�Cg�Cd�Oe) for Gln. The
result is shown in Figure 6. It is clear that the side-chain
amides of Gln12, Gln123, Gln143, and Gln150 can adopt a vari-
ety of rotamer conformations, as the torsion angles that define
these rotamers vary widely in the MD simulation. The rapid
motions of theses side-chain amides are consistent with their
sharp NMR spectroscopic signals. Consequently, it is not mean-
ingful to discuss the rotamer assignments and their errors. The
side-chain amide of Asn39 in subunit 1 oscillates significantly
around its torsion in the crystal structure but not in subunit 2.
The side-chain amide of Asn113 flips in subunit 1 and remains
in that conformation but oscillates significantly in subunit 2.
The side-chain amides of Asn40, Asn51, Gln55, Asn70, and
Asn111 behave like immobilized groups; this is consistent with
their broader NMR spectroscopic signals, although the side-
chain amide of Asn111 assumes one conformation in subunit 1
and another in subunit 2. In particular, the rotamer assignment
of Gln55 is incorrect in the 1.6 � resolution crystal structure
based on the differential isotope effects, the MD simulation,
the 1.14 � resolution crystal structure, and the MolProbity
server analysis, but the NQ-Flipper server could not pick up
the rotamer assignment error for this residue.

Conclusions

Protium/deuterium (H/D) isotope effects on chemical shifts can
be transmitted either by covalent bonds or across hydrogen
bonds and provide a sensitive means for studying H-bonding
interactions, especially in large proteins in which trans-hydro-
gen-bond scalar couplings are too small to be measured. In
this study, the configuration and H-bonding network of side-
chain amides in a 35 kDa protein were determined by measur-
ing differential and trans-H-bond H/D isotope effects with the
IS-TROSY technique; this led to reliable recognition and correc-
tion of erroneous rotamers frequently found in protein struc-
tures. First, the differential two-bond isotope effects on car-
bonyl 13C’ shifts D2D13C’(ND) provide a reliable means for the
configuration assignment for side-chain amides because envi-

Table 2. Asn/Gln side-chain rotamer errors in yCD crystal structures as
recognized by differential isotope effects and the programs MolProbility
and NQ-Flipper.

PDB ID Subunit NMR MolProbility NQ-Flipper

1P6O A Asn113 Gln12,[a] Asn113 Gln12,[a] Asn113
B Asn113 Asn113 Asn113, Gln123,

Gln143
1UAQ A Gln55, Asn70, Gln55, Asn70, Asn70, Asn111,

Asn111 Asn111, Gln143 Gln143
B Gln55, Asn70, Asn39, Gln55, Gln12,[a] Asn39,

Asn111 Asn70, Asn111, Asn70, Asn111,
Gln123, Gln143 Gln143, Gln150

[a] According to the NMR and MD simulation data, the side-chain amide
of Gln12 is mobile and can adopt a variety of rotamer conformations.

Figure 5. Evolution of the Ca RMSDs of residues 15–158 of subunit 1 (c)
and subunit 2 (a) from those of the 1.14 � resolution crystal structure
during the entire MD simulation period.
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ronmental effects (hydrogen bonds and charges, etc.) are
largely attenuated over the two bonds that separate the
carbon and hydrogen atoms and the isotope effects fall into a
narrow range of positive values. Second and more importantly,
the significant variations in the differential one-bond isotope
effects on 15N chemical shifts D1D15N(D) can be correlated with
H-bonding interactions, particularly those involving charged
acceptors. The differential one-bond isotope effects are addi-
tive, with major contributions from intrinsic differential conju-
gative interactions between the E and Z configurations, H-
bonding interactions, and charge effects. Furthermore, the pat-
tern of trans-H-bond H/D isotope effects can be mapped onto
more complicated H-bonding networks that involve bifurcated
H bonds. Third, the correlations between D1D15N(D) and H-
bonding interactions afford a simple but effective means for
the correction of erroneous side-chain amide rotamer assign-
ments. Although several software programs and web-based
services have been developed for the recognition and correc-
tion of erroneous side-chain amide rotamers, they are not
always reliable, as demonstrated in the analysis of the side-

chain amide rotamer assignments in the two high-resolution
crystal structures of yCD. Very few experimental methods are
available for this purpose. RDC data in conjunction with 15N re-
laxation measurements have been used for correcting Asn/Gln
rotamers of solution-phase NMR spectroscopic structures, but
this method is laborious and applicable to only small proteins.
In contrast, the rotamer correction through the differentialACHTUNGTRENNUNGisotope effects is not only robust but also simple and can be
applied to large proteins.

Experimental Section

Sample preparation and experimental conditions : The procedure
for isotope labeling and purification of yCD has been described.[42]

NMR spectroscopic samples were prepared by dissolving lyophi-
lized yCD powder with phosphate buffer (100 mm potassium,
pH 7.0; without isotope correction) in mixture solvents (either 95:5
H2O/D2O or 1:1 H2O/D2O). NaN3 (100 mm) and 2,2-dimethyl-2-sila-
pentane-5-sulfonic acid (DSS; 20 mm as an internal NMR reference)
were added. The volume of all samples was about 300 mL in Shige-

Figure 6. Variations of the torsion angles for the side-chain amides in the last 4 ns MD simulation. The torsion angles measured from the 1.14 � resolution
crystal structure are indicated by solid squares. The subunit identities are labeled at the top and residue identities on the left side.
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mi NMR spectroscopy microcells. Each NMR spectroscopic sample
had yCD protein (~1.5 mm protomer) titrated with the transition
state analogue 5FPy (20 mm). The samples in the mixture solvent
were equilibrated at room temperature for at least a week before
being measured. All NMR spectroscopic measurements were per-
formed on a Bruker Avance 900 MHz NMR spectrometer at 25 8C
by using a TCI cryoprobe with z-axis gradient and an automatic
tuning/matching unit. The raw data were processed with
NMRPipe,[43] and spectra were analyzed with NMRView.[44]

Measurements of differential and trans-H-bond H/D isotope ef-
fects : The 15N,1H IS-TROSY experiment selectively detected semi-
deuterated isotopomers of side-chain amides.[13–14] As depicted in
Figure 1, the resonance of the 15N�HE{DZ} isotopomer has the 15N
chemical shift modified by the one-bond 1D15N(DZ) isotope effect
from the Z position and the 15N�HZ{DE} isotopomer by 1D15N(DE)
from the E position. Because resonances of the fully protonated
isotopomer, 15NH2, have been filtered out, direct measurements of
1D15N(DZ) and 1D15N(DE) were not possible from 15N,1H IS-TROSY
spectra. The differential one-bond isotope effects, D1D15N(D) =
1D15N(DE)�1D15N(DZ), could be measured directly, although the
values were modified by the differential (j 1JNHE{DZ} j� j 1JNHZ{DE} j )/2
scalar coupling constants between the E and Z protons (Figure 1).
The magnitudes of one-bond scalar coupling constants, j 1JNHE{DZ} j
and j 1JNHZ{DE} j , were measured from a 2D 15N,1H HSQC spectrum
without the use of broad-bond 15N decoupling in the direct dimen-
sion. The yCD NMR spectroscopic sample used for this measure-
ment was in 3:1 H2O/D2O otherwise the same buffer conditions as
for other yCD samples described in the last section were used. The
ratio of H2O/D2O was manipulated to obtain good signal intensities
for both protonated and semideuterated isotopomers of side-chain
amides while alleviating the potential complication caused by
trans-H-bond isotope effects. The one-bond scalar coupling con-
stants in side-chain amides were directly measured from the 1H
signal splittings of the corresponding semideuterated 15NH{D} iso-
topomers in this 15N-coupled HSQC spectrum (Supporting Infor-ACHTUNGTRENNUNGmation). Similarly, the differential two-bond isotope effects,
D2D13C’(ND) = 2D13C’ ACHTUNGTRENNUNG(NDE)�2D13C’ ACHTUNGTRENNUNG(NDZ), were measured from the
2D IS-TROSY-H(N)CO spectrum of yCD (Figure 1 B). Unlike the one-
bond isotope effects shown in Figure 1 A, the two-bond isotope ef-
fects in Figure 1 B were neat without any modification from scalar
couplings, because no TROSY principle was adopted in the 13C di-
mension of the 2D IS-TROSY-H(N)CO experiment. Trans-H-bond
two-bond and three-bond H/D isotope effects on side-chain amide
proton and 15N chemical shifts, 2hD1H and 3hD15N, respectively,
which were mediated by H···O···H bifurcated H bonds,[32] were mea-
sured either from the 15N,1H IS-TROSY spectrum (Figure 3) or in
combination with the IS-TROSY-dispersed NOESY spectrum
(Figure 2; see the Supporting Information for the pulse sequence).
The new observation of trans-H-bond four-bond isotope effects on
side-chain 13C’, 4hD13C’, were obtained from the 2D IS-TROSY-
H(N)CO spectrum (Figure 4).

Although the magnitude of certain differential isotope effects as
measured above might be smaller than the linewidth in the indi-
rect dimension, the large separation in the direct (1H) dimension of
the paired resonances of a side-chain amide makes measurement
easy and accurate; this mimics the measurement of small scalar
coupling constants in E.COSY-type experiments.[24] Indeed, duplicat-
ed measurements indicated that the standard error was as small as
5 ppb and the RMSD to the mean was only about 2 ppb. Markley
and Loh have shown that amide D/H fractionation factors might
be correlated to the strength of H binding in proteins.[45] The corre-
lation was established by measuring the intensity of amide reso-

nances with a set of protein NMR spectroscopic samples in solvent
mixtures that had different ratios of H2O/D2O. The ratio, in princi-
ple, had little to do with the chemical shifts of individual resonan-
ces because solvent isotope effects on 15N chemical shifts were
very small.

Molecular dynamics simulation : MD simulation on the complex
of yCD with the transition-state analogue was carried out essential-
ly in the same way as previously described,[39] except that version
eight of the Amber MD package and the Amber 03 force field[46]

were used for this simulation. Briefly, the starting structure was
taken from the 1.14 � resolution crystal structure (PDB ID:
1P6O).[34] Hydrogen atoms were added with the Insight II program.
All ionizable residues were assigned to their normal protonated
state at pH 7.0 except for His50, which was set as the protonated
form because its imidazole ring was hydrogen bonded to two car-
boxyl groups (Figure 3). The catalytic zinc ion was tetrahedrally co-
ordinated with His62, Cys91, Cys94 and the transition state ana-
logue. The sulfur atoms of Cys91 and Cys94 were deprotonated
and His62 was in a deprotonated form and only Ne had a proton
attached to it. Explicit bonds between the zinc atom and its li-
gands were used, and the force constants were the same as in our
previous work.[39] The RESP charges of the zinc complex (Zn, His62,
Cys91, Cys94 and the transition state analogue) were derived from
a single-point quantum mechanics calculation (B3LYP/6-31 + G*).
Glu64 was also included in the calculation because it might influ-
ence the charge distribution through a strong H bond.

The protein complex was solvated by ~17 000 TIP3P water mole-
cules in a periodic box with a minimum distance of 12.5 � be-
tween the protein and the walls of the periodic box and was neu-
tralized by the addition of four Na+ ions. Sander in Amber 8[40] and
the ff03 force field were employed for the MD simulation. The
system was first subjected to a two-stage energy minimization to
eliminate steric clashes and two short MD runs for the system to
reach the desired temperature and density. During the production
MD run, the system was maintained at constant volume and tem-
perature (300 K) by using Berendsen’s weak-coupling method.[47]

Bond lengths involving hydrogen atoms were constrained by the
Shake algorithm.[48] The Particle–Mesh–Ewald method was used to
evaluate long-range electrostatic interactions.[49] A cutoff of 8.0 �
was used for the nonbonded pair list, which was updated every
25 steps. Coordinates were saved every other picosecond. The sim-
ulation results were analyzed with the PTRAJ module in Amber 8.
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