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Hydrogen bonds play critical roles in protein structure, stability, L
and function. Most hydrogen bonds in proteins are derived from N H\N34 Il Py " Pros2
their crystal structures and the use of standard covalent geometry Gyﬁs/"_z%\p){;‘ \QSHZHf_ﬁ\ . ,,94,q
information, because the positions of hydrogen atoms are defined (29 *"{7 /N/\H” 27;; z_eH/cZ' 7
only in a limited number of ultrahigh-resolution crystal structures. rersi ‘N\Hz\ o \ 25,08, ool "hz.e
On the other hand, NMR structure calculations rely mostly on the _<Q 26707 AR /N—H’ 28 58y Y
distances between hydrogen atoms, and the positions of the heavy “Hf:_ vamz Gl A
atoms involved in hydrogen bonds are defined by standard covalent / Arg53
geometry information. Consequently, NMR structures do not @ ns1 135 ©
contain independent information about hydrogen bonds. 1270 2 p"bf‘)l”j’ nor| @ Asn

One of the most important advances in NMR spectroscopy in NHZDE} NHE(DZ) _J\.—.___..._._—.__..
the past 10 years was the direct detection of hydrogen bonds through _J\_,_,.o_l____,ﬂ\,, 7} 8:p|t|J; 6HZ)N”;?_Z{ ___________
trans-hydrogen-bond scalar couplifgdowever, trans-hydrogen- ol gy ansre W Asn113%
bond scalar couplings are generally small so that they cannot be o i 227 Tfn\f

measured for large proteins. No scalar coupling constants for 1290 13ppb (12 H2)
hydrogen bonds involving water molecules have been measured. 1237 0
Unlike the electron-mediating scalar couplings, isotope effects o @
are vibrational phenomena in nature and are propagated through 70 ®) J 7| QAsn113P
NHE{DZ}

"N (ppm)

either covalent bonds or hydrogen bonds and potentially can be

1/4

used as an alternative approach fordivectdetection of hydrogen NG 7 Asn113%
bonds. A wealth of literatures has documented the usefulness of B I Vet v neon |
the isotope effects in NMR analysis of small compouhdsjall a 1227 N\ A
proteins® and nucleic acid$. Trans-hydrogen-bond deuterium 1200 {
isotope effects on the chemical shifts of nucleic acids have been .
reported} but no such effects have been reported on proteins. — — 1'0,6 —
In this communication, we report the first observation of trans- W (ppm)
hydrogen-bond two-bond H/D isotope effectsA'H, and trans- oo 1 Regions of 2D1N—1H IS-TROSY spectra of [UH,%C 15N]-

hydrogen-bond three-bond isotope effeg4!*N, in a large protein  yCD recorded on a Bruker AVANCE 900 MHz NMR spectrometer
using the recently developed isotopomer-selective (IS) TROSY equipped with a cryoprobe at 28. Panels (a) and (c) are from the spectrum
techniqué and show that such deuterium isotope effects can be obtained with a yCD sample in 50%6/50% DO, and (b) and (d) are

- corresponding regions with a sample in 95%6% D,O. The hydrogen-
used to detect a most common type of bifurcated hydrogen bondsbonding network involving Asn51 and Asn113 are illustrated on top with

in which a heavy atom, usually oxygen, is involved in two hydrogen gistances between heavy atoms (A) indicated for each hydrogen bond. NMR

bonds. samples were made in 100 mM potassium phosphate buffer, pH 7.0 (pH
The protein used for this study was yeast cytosine deaminasemeter reading), with 106M NaNs and 20uM DSS (an internal NMR

(yCD), a 35 kDa homodimeric enzyme that catalyzes the deami- reference). The samples containetl.5 mM yCD (protomer concentration)

fi f not onlv the physiological substrat tosine but also th and 20 mM the transition state analogue 5FPy. NMR assignment was
nation ot not only the physiological substrate Cytosine but also e 5 .pieyed with IS-TROSY techniques and reported edtlEre resonance

prodrug 5-fluorocytosine and is widely used for gene-directed marked with the asterisk in (d) is a folded peak from arginine side chains.

enzyme/prodrug therapy for the treatment of cafcBwo high- The spectrum for panels (a) and (c) was recorded with 16 scaha &rs

resolution crystal structures have been reported for yCD in complex delay time,tima,(**N) = 53 ms andzma(*H") = 285 ms, resuiting in the

with the transition state analogue 2-pyrimidinone (Py) for the experimental time of 3.5 h, and the spectrum for panels (b) and (d) was
L . o A recorded and processed in the same manner, but with 64 scans, resulting in

deamlr_latlon of cytosine, one at _1.14! nd the _other at 1._6 an experimental time of 13.9 h.

resolution’®? We have been studying the catalytic mechanism of

yCD and its role in the activation of the prodrug 5-fluorocytosine

by biochemical, NMR, and computational meth&ds.

Figure 1 shows expanded regions of ihl—'H IS-TROSY
spectrum of yCD in complex with the transition state analogue
5-fluoro-2-pyrimidinone (5FPy) in either 50% ,8/50% DB,O
(mixture solvent sample) or 95%,8/5% D,O (water sample),

recorded on a 900 MHz NMR spectrometer. The figure contains
the side-chain amide resonances of Asn51 and both backbone and
side-chain amide resonances of Asn113. Each side-chain amide has
two hydrogen atoms, one in thiens (E) and the other in theis

(2) configuration with respect to the carboxamide oxygen. In the
mixture solvent, the relative population of each of the four possible

IDepartment of Biochemistry and Molecular Biology. isotopomers, NFHZ, NHEDZ, NDEHZ, and NFD?, is about equal
Department of Chemistry. f ; : ; _
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isotopomers with high sensitiviUnexpectedly, with the mixture bonded systemand intermolecularly hydrogen-bonded systéms.
solvent sample, the resonances of the Asn51 side-chain amideThe across-hydrogen-bond isotope effects in proteins are expected
NHEDZ (panel a) and the backbone amide and side-chain amideto be related to hydrogen bond strength as well, but such correlation
NHED?Z of Asn113 (panel ¢) show doublets in thd dimension. awaits the careful analysis of more proteins with high-resolution
The splittings are 23, 18, and 13 ppb corresponding to 20, 16, andstructures and high-level quantum calculations. It is noted that the
12 Hz at the 900 MHz field, respectively. Such splittings can be bifurcated hydrogen bonds (involving Asn113) with the negative
caused by conformational exchanges, scalar couplings, or isotopebut smaller isotope effects have a negatively charged carboxyl
effects. Since the doublets became singlets in water (panels b andoxygen as the acceptor and shorter heavy-atom distances, whereas
d), the doublets are not caused by conformational exchange or scalathose (involving Asn51) with the positive but larger isotope effects
coupling and are due to the H/D isotope effects of chemically have a neutral carbonyl oxygen as the acceptor and longer distances.
exchangeable hydrogen atoms. Interestingly, the resonances in th&he fact that the isotope effects are asymmetrical indicates that
spectrum of the water sample have the sdhifé chemical shifts the two hydrogen bonds to the same acceptor atom are different in
as the corresponding weaker components of the doublets in thestrength or have different potential energy wells, although the heavy-
spectrum of the mixture solvent sample (see the peaks linked with atom distances of the two hydrogen bonds are the same or very
vertical arrowed lines in Figure 1). Therefore, the weaker component similar according to the crystal structures (Figur€ Since these
in each doublet of the mixture solvent sample must result from the bifurcated hydrogen bonds are normal ones (not strong or low-
resonances in the protonated environment and the stronger com-barrier hydrogen bonds) based on their heavy-atom distances (2.7
ponent from the resonances in the deuterated environment. 2.9 A) 10 the isotope effects may be used to detect most of such
In the 1.14 A crystal structure, as illustrated in Figure 1, the bifurcated hydrogen bonds in proteins.
side-chain'HE of Asn51 (the!™>NHE{ D?} isotopomer in the 1S- Isotope effects from bound water molecules have never been
TROSY spectrum) is connected to the backbone amide proton of reported, to the best of our knowledge. Interior bound water
Gly63 through the bifurcated hydrogen bonds;-B---H, with the molecules are often important for molecular recognition and
02 oxygen of the transition state analogue. Similarly, the backbone enzymatic catalysis. The direct detection of bound water molecules
amide proton of Asn113 is connected to the backbone amide protonthrough hydrogen-bond mediated isotope effects in the current work
of Val112 through another pair of bifurcated hydrogen bonds with is simple and specific, hence a valuable alternative to the NOE-
one of the two side-chain carboxyl oxygen atoms of Glu110, while based measurement for the detection of strongly hydrogen-bonded
the other side-chain oxygen of Glu110 connects the side-éhigin water moleculed!
of Asn 113 {f the side-chain oxygen and nitrogen positions are
swapped as in the 1.6 A crystal structyrend a bound water
molecule through the other bifurcated hydrogen bonds. The two
water molecules in this strong hydrogen bond network are observed
in both crystal structures. Based on the two high-resolution crystal
structures, the only possible explanation for the doublets is that
they are due to trans-hydrogen-bond two-bond H/D isotope effects,  Supporting Information Available: The full 15N—!H IS-TROSY
2hAIH. The conclusion is reinforced by the observation that the spectrum of yCD. This material is available free of charge via the
weaker component in each doublet corresponds to the isotopo-Internet at http://pubs.acs.org
mer that both sides of ++O---H bifurcated hydrogen bonds are
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