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ABSTRACT. Hypoxanthine (Hx) with specifict>N labels has been used to probe hydrogen-bonding
interactions with purine nucleoside phosphorylase (PNP) by NMR spectroscopy. Hx binds to human PNP
as the N-7H tautomer, and the N-7AH and >N chemical shifts are located at 13.9 and 156.5 ppm,
respectively, similar to the solution values. In contrast, #Heand >N chemical shifts of N-1H in the
PNPHx complex are shifted downfield by 3.5 and 7.5 ppm to 15.9 and 178.8 ppm, respectively, upon
binding. Thus, hydrogen bonding at N-1H is stronger than at N-7H in the complex. Ab initio chemical
shift calculations on model systems that simulate Hx in solution and bound to PNP are used to interpret
the NMR data. The experimental N-7H chemical shift changes are caused by competing effects of two
active site contacts. Hydrogen bonding of Glu201 to N-1H causes upfield shifts of the N-7H group, while
the local hydrogen bond €O to N-7H from Asn243) causes downfield shifts. The observed N-7H
chemical shift can be reproduced by a hydrogen bond distaficE3 A shorter (but within experimental
error) of the experimental value found in the X-ray crystal structure of the bovineHBNtdmplex. The
combined use of NMR and ab initio chemical shift computational analysis provides a novel approach to
understand enzymsdigand interactions in PNP, a target for anticancer agents. This approach has the
potential to become a high-resolution tool for structural determination.

Purine nucleoside phosphorylase (PNBatalyzes the  products by purine phosphoribosyltransferases. Bovine PNP
reversible phosphorolysis of the N-ribosidic bond of 6-oxy- binds tightly to hypoxanthine~2 pM) generated from
purine nucleosides and deoxynucleosides (Scheme 1). Ininosine in the absence of R(b). Thus the unique leaving
humans, the metabolic role of PNP is to remove deoxygua- interactions of catalysis also contribute to hypoxanthine
nosine that accumulates from DNA turnover. The genetic binding.

deficiency of PNP causes a T-cell immunodeficiency due o yqrogen bond interactions at the enzyme active site are
dGTP accumulation specifically in dividing T-cells)( important to understand PNP catalysis. Short, strong hydro-
Inhibition of PNP inhibits the growth of activated T-cells, gen pond interactions at an enzyme active site often result
providing a clinical means to ameliorate T-cell proliferative i, the detection of isolated NH and OH proton resonances
disorders 2). The catalytic acceleration of PNP is achieved . the downfield region of the proton NMR spectrum16
through formation of a transition state with oxacarbenium ppm 6—10)]. These resonances, when assigned, can be used
ion character and specific leaving group interactions to the ;5 qetermine the hydrogen-bonding distances quantitatively
purine. Ribosides with better leaving groups such as 4-ni- by using the correlation between chemical shifts and
trophenyls-p-riboside are poor substrate®)(Catalytic site hydrogen-bonding distance4 11) and by fractionation
contacts to the purine hold it in place to facilitate ribosyl ¢3~tqr measurements,(12—15). However, when the reso-
electrophile migration from the leaving group to & phospho- ances are not located far downfield, the determination of
rus nucleophile also immobilized at the catalytic s#. (o hydrogen-bonding distance may be difficult because
Although the reaction equilibrium favors nucleoside synthe- ¢, tors other than the local hydrogen bonding may become
sis, the enzyme in vivo operates in the phosphorolysis jnqtant for the proton chemical shift values, and spectral
direction because of the rapid metabolic removal of the overlap may prevent the fractionation factor measurements.
Hydrogen bond interactions at the active site of hPNP with
t Supported by Research Grants GM068036, EB001958 (R.H.C.), the transition state analogue immucillin-H (ImmH) results

GM41916 (V.L.S.), and EB002809 (R.A.J.) from the NIH. in two new downfield NH proton resonances at 14.9 and
718’2%%r6855%(530(?es)p?]3deng (o this authgr:(?ls-ql?ms? (phoney); 12.7 ppm. These have been assigned to the N-1H and N-7H
- - ax), eng@aecom.yu.edu (e-maill). ' : ) A
* Albert Einstein College of Medicine. of ImmH, respectively 16). However, estimates of the
¥ Rutgers, The State University of New Jersey. hydrogen bond distances based on these NH resonances were

* Abbreviations: hPNP, human purine nucleoside phosphorylase; Hx, not made due to the difficulties mentioned above. Further-
hypoxanthine; ImmH, immucillin-H; HMQC, heteronuclear multiple- . . .
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Scheme 1: Reactions Catalyzed by PNP
o}

N7
Y, N¢H
H-CB/ fl 0
k =C2 H
HO o N NT 7Y HO o N NoH
1
+ HPO,2 + H-Cg | I
! OPO,2 N ~C2
Y

OH X OH X N
aX =Hor OH; Y =H or NH.

In this study, we have extended our NMR measurements Solution NMR measurements for proteins, substrates, and
to the hPNPHx complex containing Hx with uniform or  protein—ligand complexes were conducted on Bruker DRX300
specific >N labels. The proton antPN chemical shifts of and Varian Inova 600 spectrometers. One-dimensional proton
the two Hx NH groups in solution and in an enzyme complex spectra for protein samples in aqueous solution were typically
have been analyzed by ab initio chemical shift calculations collected using jumpreturn water suppressio2%) using
to determine if it is possible to interpret the experimental 512 scans, a sweep width of 30 ppm sampled with 16K
data quantitatively in terms of hydrogen bond distance. points, and a recycle delay of 1.5 s. The jumipturn delay

Ab initio NMR chemical shift calculations have been used was adjusted so that the maximum excitation was-&5
extensively fo®N and®3C to correlate the observed chemical ppm. The 1D difference spectra of hPMR complexes
shifts with molecular structures and environments (for a containing'®N-labeled Hx were obtained by positioning the

recent review, see ret7). It has been found that®™N" carrier of the®™N decoupling pulse within and outside of
chemical shifts are sensitive to the molecular conformation the >N spectral region and by shifting the receiver phase by
as well as to hydrogen bonding and electrostati&; 19). 180 deg during alternative scargf). This method was found

To reproduce the experimentally observ&dl chemical to be significantly more sensitive than the method based on
shifts, it is essential to include the hydrogen-bonding parthers HMQC when transverse relaxation of the resonances was
in the calculation models1@—21). Previous ab initio'H very fast. Two-dimensionadH—*N HMQC spectra for the
chemical shift calculations also suggest that the effect of hPNP[U-N]JHx complex were acquired with the jump
hydrogen bonding ofHN/*HC chemical shifts is particularly  return pulse and the refocusing delay in the pulse sequence
significant (L8, 22). Here we use ab initiéH and'>N NMR just before acquisition was eliminated to reduce the signal
chemical shift calculations for several Hx model systems to loss due to relaxation, and no decoupling was applied during
simulate environments in solution and bound at the active acquisition. This method worked on hPNP sample& 0

site of PNP. When judged by the relative chemical shift kDa) when TROSY and HSQC did not. In theory, splitting
changes of Hx in different environments, the results from in the *H dimension with an antiphase pattern should be
experiments and calculations are in good agreement. Thusobserved for eackN signal. However, due to the construc-
the quantum chemical methods appear to be sufficiently tive and destructive interference of dipeldipole and
accurate to provide a quantitative interpretation of the proton chemical shift anisotropy, the relaxation of one component
chemical shift changes for a small rigid molecule such as is much faster than the other even at 600 MHz (cf.28f

Hx, when proper models are used. Theoretical analysis ofand only one component of the doublet was detected. The
our NMR data provided an interpretation of the Hx N-1H 2D HMQC spectrum was collected with 2K and 32 complex
and N-7H chemical shift changes at the active site of hPNP points int, (*H) andt; (**N), respectively, with 256 scans
that is different from that previously made. These findings pert; point and a recycle delay of 1.5 s. The valuet@fix

can be used to refine the structure of active site contactswas set to 2.6 ms, arghax= 170 ms. A cosine bell window

determined from X-ray crystallographic studies. function was applied to the proton dimension in data
processing and in thEN dimension; the data were linearly
MATERIALS AND METHODS predicted to 128 points and zero filled to 256 points before

[U-15NJAdenosine was purchased from Spectra Stable Processing with a cosine bell window function. A sensitivity-
Isotopes. The1pN-1]Hx, [5N-3]Hx, and [N-7,13C-8]Hx enhanced HSQC 2fH—15N experiment that was optimized
were synthesized as reported previougl@, (24). [U-15N]- for either single du+ = 105 Hz) or two tJwu = 25 Hz) bond
Hx was made from [USN]adenosine by enzymatic reaction CoIrelation was used to record the spectra of fjHx in
using adenosine deaminase and then nucleoside hydrolase>9:45 (V/v) DMSOéy/acetonitrilee; at —40 °C. The solubil-
followed by purification with HPLC using a Waters C18 ity of Hx in acetonitrile is significantly less than in DMSO.
column. Human PNP was prepared as described previouslylt Was used only for the purpose that the NMR measurements
(16). The concentration of Hx was determined by its can be performed at temperatures lower thafCl8n these
extinction coefficient of 10.7 mMt cm~t at 250 nm, pH 6. measurements, thgnaxin the %SN dimension was mcreased_
Complexes of hPN#Pix were prepared by mixing hPNP and 10 23.5 ms with 290 dat.a points a_md 8 scans _for each point.
the purine at a concentration ratio of 1:1.2, and the complexesPata in the*N dimension was linearly predicted to 512
were washed three times in a Centricon-100 with 10 volumes Points before processing with a cosine bell window function.
of 0.5 M NaCl at pH 6.5, so that the final free inhibitor ~Proton chemical shifts were referenced to TSP externally at
concentration was less than 0.1% of the protein concentration.0-0 Ppm.

The concentration of the enzyme was typically-1105 mM. Ab initio *H and*>N chemical shielding tensor calculations
D.,O (5%) was added to all hPNP samples in aqueous were made on model systems using the GIAO method as
solution to provide a lock signal for NMR experiments. implemented in the Gaussian 98 packa2®.(The calcula-
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FiIGURE 2: H—1N long-range HSQC spectrum of [UN-7]Hx
optimized for two-bond>N—'H coupling €Jyy = 25 Hz). Other
experimental conditions were the same as in Figure 1.

ey (15N-9, N-9H)

a y o
y cz\ Hx (Figure 1B) and PN-7,2C-8]Hx (Figure 1C) clearly
S ('SN-1,N-1H q) show that the most downfield proton resonance at 13.7 ppm
N Yo T -170 is from N-7H. Measurements on thé&Nl-1]Hx (data not
D shown) indicate that the resonances near 12.4 ppm are from
® P cge\ > i N-1H of Hx. Thus, the resonance at 13.3 ppm can be
H C\/I ' (15N-1, N-1H b) assigned to N-9H. The intensity ratios of the N-7H and the
e N2 N-9H resonances in the Hx 1D spectrum ranged from 53:47
, r r 180 to 57:43 under different temperatures40 to 5°C at pH 5
14 13 Ty PPM + 1 when dissolved in water), suggesting that the relative

population ratio of the two tautomers should be close to 55:

Ficure 1: NMR spectra f'or Hx with and without isotopic I.abels: 45. The temperature dependence of all NH chemical shifts
(A) Hx proton spectrum; (B) [U®N]Hx proton spectrum; (C) o
[15N-713C-8]Hx proton spectrum; (D}H—15N HSQC spectrum of ~ Was the samey+0.12 ppm from—40 to 5°C for the same

[U-15N]Hx. All samples were prepared in 55% DMSO/45% Sample. The population ratio determined here is consistent
acetonitrile. The concentration was 4 mM, and the temperature waswith the 58:42 ratio determined by indireédC NMR

—40 °C for all samples. The data were obtained on a Bruker measurements in an earlier study on Hx in 100% DMSO
DRX300 spectrometer. Other experimental details are described 115 P
in Materials and Methods. (32). TheH-"N HSQC spectrum o_f the [UN]Hx (Figure
1D) reveals that th€N chemical shifts of the N-7H, N-9H,

and the two N-1Hs from the two different Hx tautomers are
gat 156.7, 162.7, 171.2, and 173.3 ppm, respectively. These
results also show that the concentrations of other tautomeric
forms of Hx are negligible under these experimental condi-
tions.

The'H—N long-range HSQC spectrum of the [EN]-
Hx optimized for two-bondH—*N coupling is shown in

tions were carried out at the DFT B3LYP level of theory
with the 6-311(d,p) basis set. Geometries were first optimize
at the same level of theory but with either 6-311(d,p) or

6-31(d,p) basis sets. In general, the calculated isotropic
chemical shielding values can be converted to chemical shift
values observed in solution NMR experiments by a linear
scaling procedure for a better fit§ 29—31). Since our goal

is to model the chemical shift changes of a molecule under Eigu_;(ra] 21'5‘;]““ in the HS%C pulselsS%quegcl%(\)Nas set tof 25
different environments, we did not use this scaling scheme Z. The™N resonances between an ppm are from

because we have too few data points to derive parameterst,he protonated nitrogens of the two Hx tautomers as shown

Figure 1D. A comparison with measurements on the
that can be used generally. We subtracted the calculate rl's 1 D ; ;
isotropic shielding values from a constant to convert them N-7,7°C-8]Hx indicates that th&N chemical shifts of the

to chemical shift values so that they can be compared with unproto_na:edTlr\]lJHgndCN-g are at 242‘L and 25|O.(;] ppm,
the experimentally determined chemical shifts. The constant respectively. The HSQC spectrum &fN-3]Hx reveals that

1 15 the 15N-3 resonances of the two tautomers are at 217.8 and
was 32 for'H and 225 for™N. 232.8 ppm, respectively. There is a small but detectéble
RESULTS chemical shift difference~0.02 ppm) for the C-2H reso-

nances in these two tautomers, and each C-2H resonance
NMR Studies of Hx in SolutiorAt —40 °C and in a links the!®N chemical shifts of the N-1 and N-3 of the same
mixture of 55% DMSO/45% acetonitrile, the NMR NH tautomer (Figure 2). Th&N-3 chemical shift of inosine is
proton resonances of Hx are well isolated (Figure 1A), at 213.0 ppm (data not shown), similar to the upfi&id-3
suggesting that the NH protons are in slow exchange with resonance at 217.8 ppm for Hx (Figure 2). It is also known
each other among different tautomers. The spectra i} that the'>N-3 chemical shift in the N-9 substituted tautomer
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Ficure 3: NMR spectra for the complex of hPN®x with

' @ (15N-1, N-1H)

unlabeled and isotopically labeled Hx: (A) proton spectrum of the
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chemical shifts of N-7H change by less than 0.5 ppm upon
binding. Normally, such data would be taken to indicate that
the hydrogen bonding on N-7H of Hx in the hPNP complex
is relatively unchanged from that in organic solvent.

Ab Initio Chemical Shift CalculationdMolecular models
for hydrogen bonding in Hx systems include up to three
water molecules complexed with each tautomer of Hx (Chart
1, models a and b). The geometries of these model systems
were fully optimized (unless indicated otherwise) at the
B3LYP/6-311G(d,p) level, and théH and N isotropic
chemical shielding calculations were performed on the

during acquisition; (C) difference proton spectrum between the Optimized geometries using the same basis set. Our interest

complex of hPNHN-7 13C-8]Hx with and without>N decoupling
during acquisition; (D) jumpreturn’H—1N HMQC spectrum of

hPNP[U-N]Hx. Spectra A and D were obtained on a Varian Inova
600 spectrometer, and spectra B and C were obtained on a Bruke
DRX300 spectrometer. The concentration ratio of hPNP to Hx was

in the calculations from these model systems is to establish
the effects of hydrogen bonding from each water molecule

on the'H and*N chemical shift values of a given NH group.

Thus, only relative chemical shift values are of interest to

approximately 1 to 1 with 1 mM concentration of each at pH 6.5 US.

at 25°C. Other experimental details are described in Materials and

Methods.

appears consistentty20 ppm upfield from the N-7 substi-
tuted tautomer in a number of purine derivative3)(

Comparison of ab Initio and Experimental Chemical Shifts
Calculated chemical shift values of the four protons and four
nitrogens for each Hx tautomer complexed with up to three
water molecules can be compared to experimental values

Therefore, the 217.8 pp#iN-3 resonance can be assigned from Hx in organic solvent (Tables 1 and 2). Such com-
to the N-9H tautomer and the assignments of the rest of theparisons reveal the follwoing: (1) Théi chemical shifts
15N and!H resonances of Hx can then be completed (Figures Of NH groups are very sensitive to the environment so that

1D and 2).
NMR Studies of Hx in hPNHA'wo new proton resonances

the order of the relativeH chemical shift values may change
due to external hydrogen bonding. Thus, when studying

appear in the downfield region at 15.9 and 13.8 ppm in the Proton chemical shifts of NH groups, all hydrogen-bonding

NMR spectrum of hPNfHx (Figure 3A). They can be

partners should be included in the model system. (2) The

assigned to the resonances from the N-1H and the N-7Heffect of hydrogen bonding on a NH group by a15water
protons of Hx, respectively, on the basis of measurementsmolecule is mainly local. For example, tfél and **N

of the hPNPHx complex with >N specifically labeled at
N-1 (Figure 3B) or N-7 (Figure 3C). Hx is bound to hPNP

chemical shift changes of the N-1H group induced by the
w1l water are nearly the same as the changes induced by

as the N-7H tautomer. Stronger hydrogen bonding to N-1H three water molecules.

in hPNPHx than in solution is evident from its 3.5 ppm
downfield shift relative to the solution value. The 2D HMQC
spectrum of the hPNPRUJ-N]JHx complex (Figure 3D)
shows that thé®N-1 chemical shift of Hx is at 178.8 ppm,
shifted downfield by 7.5 ppm relative to its solution value

Several qualitative agreements between calculations and
experiments are also apparent. For example, the calculated
15N chemical shift of N-3 in N-9H tautomers is consistently
>20 ppm upfield compared to the N-7H tautomer under all
conditions, consistent with the observation that the upfield

(Figure 1D), also consistent with stronger hydrogen bonding N-3 resonance at 217.8 ppm (Figure 2) is due to the N-9H

to N-1H in the complex. In contrast, tHéN and proton

tautomer and also consistent with NMR experiments on N-7
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Table 1: Observed and Calculatéd and*>N Chemical Shifts of . . .
Hx N-7H Tautomers N-7H hypoxanthine '°N chemical shifts
N-7H Hx Experiments
experiment calculated N-9 N-3 N-1 N7
In hPNP
Hzo HZO HZO l l

nuclei atom sol PNP vacuum(wl) (wl+w2) (3w) In DMSO | | I |
H N-1H 12.4(5) 15.9 753 1155 11.66 11.82

C2H  7.9(6) 786 793 797  7.98 Calculated N-9 N-3 N-1 N7

N-7H 137 139 856 854 1267 12.85 Refined complex | | | |

C-8H 8.1(4) 772 776 784  7.86 o 11 I :|
13N N-1 1712 1788 1547 1577 1546 1553 Active site complex L N

N-3 232.8 239.1 2402 2464 2376 DMSO complex ([ | [

N-7  156.7 156.5 127.1 1259 141.4 142.5

N- 250.0 262.8 261.9 259.8 250.4 Water complex _I, ' l l\

aThe chemical shifts are in ppm. sol: 55% DMSOQ/45% acetonitrile. '30'?ted : [ : : ll ] |

PNP: PNP complex. #(w1): bound with water wl as shown in Chart 350 300 250 200 150 100
la. HO(w1+w2): bound with water w1l and w2 in Chart 1a.®{3w): "N ppm

bound with all three water molecules in Chart 1a. The last digitin
chemical shift observed in solvent is placed in parentheses becaus
their chemical shift values can be of real significance only when they
appear in the same spectrum and are used for the purposes o
assignment. All structures were optimized before calculations of
chemical shifts except the 38 complex, which did not achieve
convergence so a structure with the lowest energy was selected to
calculate the chemical shifts of this complex.

JIGURE 4. Comparison between observed and calculdted
chemical shifts for Hx under the indicated conditions. The isolated
complex was calculated in a vacuum, the water complex is as shown
in Chart 1a, the DMSO complex is as shown in Chart 1c, the active
site complex is as in Chart 1d, taken from PDB file 1A9R, and the
refined active site complex has the H-bond to N-7 shortened by
0.13 A from that shown in Chart 1d. N-3 and N-9 are remote from
catalytic site contacts, and their chemical shifts were not measured
in this study.

Table 2: Observed and Calculaté#d and**N Chemical Shifts of
the N-9H Hx Tautomers active site complex was modeled on the basis of the X-ray

structure of bovine PNPIx (34) with three hydrogen-

N-9H Hx
expt calculated bonding contacts: the=€0 group of a HCONK molecule
hydrogen bonded to the N-7H of Hx to model the contact
nuclei  atom sol vacuum z"vjlo) (WTJZSVZ) gf,vo) from the active site Asn243, a water hydrogen bonded to
™ NETRRETY 54 1080 08l oo 06, and the COO group of a HCOO molecule hydrogen
coH 794 771 779 769 777 bonded to the N-1H of Hx to model the contact from the
N-OH 133 811 811 1089 1117  active site Glu201. For this molecular model, the two oxygen
C-8H 7.9(5) 7.50 7.52 7.56 7.63  atoms hydrogen bonded to NHs of Hx and the water oxygen
N N-1 1732 1612 162.2 161.3 161.4  were fixed at positions as determined in the X-ray structure
“:? gig-? gég'g gég'g ggg'; ggg'g [PDB code 1A9R (Chart 1)34)], and the rest of the atomic
N9 1627 1363 1359 1466 1478  Positions were optimized at the B3LYP/6-31(d,p) level. The

" . . . — - chemical shift calculations were then performed on this
The chemical shifts are in ppm. The last digit in it chemical . _
shift observed in solvent is placed in parentheses because their chemicapartlally _Opt'm'Z_Ed system at the B3LYP/6-311(d,p) level.
shift values can be distinguished only when they appear in the same Chemical Shifts for Hx TautomersThe **N and *H
spectrum. All structures were optimized before calculations of chemical chemical shifts of the N and NH groups for the N-7H Hx

shifts.

and N-9 tautomers of purine derivative&l( 33). Further-
more, the relativé®N andH chemical shift values of the
N-7H and N-9H groups in the two tautomers are also
qualitatively correct.

tautomer observed in the experiments and calculated in
several model systems are shown in Chart 1 and Figures 4
and 5. The dashed lines in these figures indicate how each
of theH or >N chemical shifts are expected to change when
the N-7H tautomer of Hx is transferred from gas phase to
water, to DMSO, and to the active site of PNP, as predicted

These results are encouraging because the requirementby the ab initio chemical shift calculations described above.
for accuracy should be less demanding when the calculations Solkent Hydrogen Bond Strengths Agree with ab Initio
are performed to predict the chemical shift differences Calculations These calculations predict that thé¢ and*®N
between the same molecule under different perturbations tharchemical shifts of a NH group would experience downfield
on different molecules. Thus, we extended the calculations shifts when transferred from water to DMSO (Figures 4 and
to model systems that simulate more realistically the two 5). It is well-known that the dielectric constant is not directly
environments of N-7H Hx in our NMR measurements: in proportional to solvent hydrogen-bonding ability either as a
DMSO solution and in the PNP active site (models ¢ and d donor or as an acceptoBg). Another set of empirical
in Chart 1). Calculations agree well with the experimental parameters for hydrogen bond interactions, which is based
observations. In model ¢, two DMSO molecules are com- on the enthalpy measurements of the electron pair donors
plexed to N-7H Hx tautomer, and the geometries of the with SbCk in a dilute solution of dichloroethane, namely,
complexes were first optimized at the B3LYP/6-31(d,p) level; electron pair donor number (DN), has been determined for
then the chemical shift calculations were carried out at the several solvents and was well correlated with the nucleophilic
B3LYP/6-311(d,p) level so that the results can be compared and hydrogen bond acceptor propertigs) (DN for DMSO
with those from the water complexes. In model d, the PNP is 29.8, significantly larger than that of water, 18.0. Accord-
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N-7H Hx and ImmH proton chemical shifts

Experiments N-1H N-7H C-2H C-8H
ImmH in hPNP l l
ImmH in DMSO ]I II
Hx In hPNP | l C-8H C-2H
Hx In DMSO | _I I
Calculated Hx N-1H N-7H C-2H C-8H

Refined Active site complex

L

Active site complex

/

DMSO complex [I l

Water complex [ [ l

Isolated o :i I
[ | | ! 1
25 20 15 10 5
1
H ppm

FiIGURE 5: Comparison between observed and calculated
chemical shifts of Hx under indicated conditions. The lines for
ImmH in DMSO and ImmH in hPNP are proton NMR chemical
shifts from ImmH in 55% DMSO/45% acetonitrile and from the
complex with the transition state analogue ImmH (hPINPnH-
PQy), respectively 16); Ky for ImmH for the hPNP complex is
approximately 50 pM 42). The conditions for computing the
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complex in terms of chemical shifts. Only tAE and >N
chemical shifts of the N-7H group are significantly affected
by this change. Good agreement was obtained between
calculations and experiments fd4 and*®N chemical shift
changes for Hx binding to PNP (Figures 4 and 5).

DISCUSSION

Tautomeric Forms of Hypoxanthine in Solutiddn the
basis of the'3C NMR studies of hypoxanthine in DMSO,
the ratio of N-7H and N-9H tautomers has been reported to
be 58:42 82). These values agree well with our ratio of 55;
45, obtained with slightly different sample conditions. This
ratio corresponds to an energy difference of only about 0.1
kcal/mol in favor of N-7H tautomer. Ab initio calculations
on the gas phase tautomers, the water complex, or in DMSO
indicate that the energy differences between the two tau-
tomers are less than 1 kcal/mol in favor of the N-7H
tautomer, in good agreement with experimental determina-
tions.

General Considerations in the Proton Chemical Shift
Calculations with ab Initio Methodsde Dios et al. have
shown that it is possible to extract protein structural
information from NMR data by ab initidC, >N, andH
chemical shift calculationsl®). Further efforts in this field
have been mostly concentrated on the calculation5®f
and!®N chemical shifts (cf. refd7 and19). The effects of
molecular structure and environment on the chemical shift
values of CH and OH protons in small molecules have also
been studied using ab initio proton chemical shift calculations

chemical shifts are the same as indicated in the legend to Figure 4.(29, 31, 36, 37). Recently, it has been shown that it is possible

ing to DN theory, when interacting with NH/OH groups,
DMSO should form stronger hydrogen bonds than water.
Consistent with both empirical DN theory and the ab initio
chemical shift calculations of Hx NH groups presented here,
we have found théH and*®N chemical shifts of the N-7H
group of F5N-7]ImmH are downfield shifted by 1 and 2 ppm,
respectively, in DMSO compared to that in water in a
previous NMR study 16).

Chemical Shifts of Hx at the Catalytic Site of hPNhe
calculated'H and**N chemical shifts for the N-1H group
agree well with experimental observations when Hx is
transferred from DMSO to PNP. However, the calculated
chemical shifts for the N-7H group change upfield, opposite

to accurately calculate the proton chemical shift of a NH/
OH group involved in short, strong hydrogen bondiag)(
Here, we demonstrate that under specific conditions, with
good chemical models, proton chemical shift calculations
based on ab initio methods also yield quantitative information
about the enzymeligand interactions. The NH proton
chemical shift change from solution to the PNP-bound state
for a small, rigid molecule such as Hx can be reasonably
reproduced by ab initio chemical shift calculations. The
model systems must include a sufficient number of molecules
in direct hydrogen bond contact with Hx. The calculated Hx
H chemical shift values of the solution state and PNP-bound
state are in good agreement with the experimental observa-
tion. The calculateé®N chemical shifts of the four nitrogens

to the experimental observations (Figures 4 and 5). Ad- of Hx have larger discrepancies (Figure 4). Some of these
ditional calculations on N-7H Hx complexed with each of discrepancies are due to systematic errors and can be
the hydrogen-bonding partners in model d (Chart 1) suggestremoved by using a linear scaling procedure when converting
that the hydrogen bonding on N-1H by the CO@roup not the calculated chemical shielding tensor to chemical shift
only causes large downfieflH and*>N chemical shifts of values (8, 22, 29, 31). For proton chemical shift values,
the N-1H group but also causes upfield shifts in béth the linear scaling factor for aromatic CH protons was
and®N of the N-7H group. The active site water molecule determined to be 0.9841). When'H chemical shifts of
reduces the effects of COQn the chemical shifts of the NH/OH groups were included, the scaling factor was
NH groups slightly; thus it is not a major contributor to the determined to be~0.95 for a much wider chemical shift
chemical shifts observed for the N-7H group. Since a water range [up to~21 ppm @2)]. Thus, even without the scaling
molecule hydrogen bonded to an NH group has only minor procedure, the calculatédd chemical shift values should
effects on the chemical shifts of the remote NH group (Table be similar to that of the observed values, in agreement with
1), it should be possible to refine the positions of the our studies (Figure 5). The scaling factors fe chemical
hydrogen-bonding partners of Hx in model d to fit the shift were found to be between 0.87 and 0.92 for valines in
experimentally observed chemical shift changes of Hx from staphylococcal nuclease, depending on the theory used in
DMSO to PNP. In iterative calculations, the distance between the calculationsi8). Thus, the calculatet!N chemical shift

N-7 of Hx and its hydrogen-bonded oxygen of HCONH changes should be reduced by about 10% when compared
was varied from 2.88 to 2.75 A to refine the active site model with experimental data. Since we had only a very limited
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number of data points, no attempt was made to determine aScheme 2: Immucillin-H Transition State Analogue for

scaling factor. PNP
Hydrogen-Bonding Interaction on N-1H in the hPX bovine PNPsImmH<PO, bovine PNP+*Hx*PO,
Complex NMR studies establish that the most downfield N243
resonance of the hPNRx complex at 15.9 ppm is due to NH N243
N-1H (Figure 3). Compared with its value in DMSO, the | N 626
N-1H resonance is downfield shifted by3.5 ppm, suggest- 2:\ 3'1\;;?’ 20 :’zo\lf E201 \TNﬂz o 29
ing a stronger hydrogen bond to N-1H in the PNP complex. ’ 320 0 3.1‘\\ 3YWT-0 L a0t
Ab initio calculations indicate that the interaction between NH™ 20, O 287 Z

N-1H and the carboxyl group of active site Glu201 at the
distance determined from X-ray crystallography is sufficient
to cause thisH chemical shift change. This appears to be
the only interaction required for the observid chemical

shift changes on transfer of the Hx N-1H from solvent . o o _
(DMSO) to the catalytic site of hPNP. Catalytic site contacts to the 9-deazahypoxanthine in the bo_vme
. . . PNPImmH-PO, complex are compared to those for the bovine
In a previous NMR study, théH chemical shift of N-1H  pNpHx-PQ, complex ¢, 34). Human PNP is 86% identical with bovine
of ImmH in the hPNFImmH-PQO, complex (a transition state  pPNP.

analogue) was shifted downfield by2.5 ppm relative to
that in DMSO solution. X-ray crystal structure studies  While the above conclusion is likely correct, some fine
showed that the distance between the Hx N-1 and the Glu20l1adjustment on the predicted hydrogen-bonding distances to
oxygen in the bovine PNPIx complex was 2.8 A34), while N1H and N7H may be required when more experimental
it was 2.9 A in the bovine PNMmMH-PQ, complex @). At data become available. For example, with the current model,
a crystallographic resolution of 1=2.0 A, this difference  active site contacts are also predicted to induce a downfield
is not significant. However, if 0.1 A difference between the H chemical shift change of C-2H-2 ppm), primarily due
Asn243 oxygen and the N7 of bound Hx or ImmH does to its interaction with the other oxygen of the CO@roup.
occur in hPNP, it correlates to aktoar1 ppm N-1H proton However, since this oxygen is in the same plane as Hx in
chemical shift difference. Previous studies have indicated our model, not out of the plane as shown in the crystal
correlations between proton chemical shifts and hydrogen- structure, and since other active site interactions with this
bonding distances for-©H- - -O and N—H- - - -O hydrogen oxygen are not modeled in our calculations, its effect on the
bonds (0, 14, 38). Our NMR and the X-ray structure results C-2H proton chemical shift is likely to be overestimated in
of PNPHx and PNPImmH do not agree numerically with  our calculations. Work is in progress to determine the
the correlation with N-H- - - -O hydrogen bonds found in  chemical shifts for C-2H, C-8H, anéN-3 so that the active
the weak peptide interaction88). The ab initio methods  site contacts can be further refined by ab initio calculations.
presented here provide a useful approach to cover a wider Interpretation of NMR Results for the PNP Reactidhe
range of the N-H chemical shift and hydrogen-bonding PNP catalytic reaction involves activation of the Hx leaving
distances. group by the H-bond contacts summarized above, generation
Hydrogen-Bonding Interaction on N-7H in hPN#X. The of the ribooxacarbenium ion by neighboring group interac-
N-7H resonance of bound Hx shifts downfield 9.2 ppm, tions, and migration of the Cbf the ribosyl group to a fixed
and the'>N-7 resonance shifts upfield by about 0.2 ppm, phosphate nucleophile that is activated by catalytic site
compared with their values in organic solvent (Figures 1 and contacts 89, 40). The tightly bound complex of PNFPhmH-
3, Table 1). These results would normally be interpreted as PO, (Scheme 2) resembles the transition state. Mammalian
similar hydrogen bond strengths at the N-7H in the hPNP PNPs demonstrate an unusual affinity for Hx in the absence
Hx complex and in the solvent. However, the ab initio of PO, or a-p-ribose-1-PQ, and this is proposed to result
chemical shift calculations provide an alternative explanation. from retention of transition state interactions to Hx that are
The negatively charged Glu201 COQgroup not only released only with cooperation from the P@nding pocket
induces downfield chemical shift change at its hydrogen- (5). Tight-binding interactions are apparent both for Hx and
bonding partner N-1H but also induces an upfield shift on for ImmH in the proton NMR measurements (Figure 5).
theH and®™N chemical shifts of the remote N-7H. The local Proton chemical shifts for bound ImmH and Hx both closely
hydrogen bonding at N-7H is stronger than indicated by the resemble the proton chemical shifts calculated for the refined
local chemical shift induced by the Asn243 carbonyl oxygen. active site complex with Hx only. It is notable that these
The upfield chemical shifts due to remote COBydrogen proton NMR signatures differ significantly for all other states
bonding at N-1H must be included in the overall change of Hx but closely resemble each other. The chemical shift
observed by NMR. Such results suggest that, in order to signature for these complexes is determined by the catalytic
reproduce the experimentally observed chemical shifts of the site environment, dominated by transition state leaving group
N-7H in the presence of the hydrogen bonding on N-1H by interactions. Transition state analogue binding specificity has
the COO group, the N-7- - -O hydrogen bond distance demonstrated that binding interactions to the purine ring are
needs to be shortened by about 0.05 A. Therefore, our modelcooperative. Altering the 6-O to a H-bond donor or altering
calculations based on ab initio chemical shift calculations the K, of N-7 to prevent H-bonding to Asn243 decreases
suggest that the hydrogen bonding to the N-7H group is binding affinity by 7—10 kcal/mol é1). The H-bonds to N-1
stronger in the PN#Hx complex than indicated by its and N-7 cannot be energetically isolated because of the
chemical shifts, where the experimenfidland>N chemical cooperative interaction. The NMR results provided here
shift values are little changed from their solution values.  support this cooperative binding ensemble.

o



NMR Studies of Active Site Contacts in PNPx Complex
SUMMARY AND CONCLUSIONS

Proton chemical shifts are the most sensitive indicator of
H-bond environments but have not been exploited widely
in ab initio approaches to probe enzyme catalytic site
complexes quantitatively, partly due to computational cost
(22). A combination of solution and on-enzyme experimental
spectra for Hx and ImmH bound to mammalian PNP
provides an opportune system to explore the feasibility for
computational interpretation ofH chemical shifts. Our
results presented here clearly show that the experimétal
chemical shift values can be interpreted quantitatively in
terms of hydrogen-bonding distances by including both local
and long-range electrostatic perturbations in the calculation
models. Our studies demonstrated that the combined use of
NMR and ab initio chemical shift calculations is a powerful
approach for the detailed understanding of the enzyme
ligand interactions and has the potential to become a high-
resolution tool for structural determination. Cooperative
binding interactions to the purine leaving group are well
documented from transition state analogue specificity studies.
The PNPHx complex refined here clearly retains features
of transition state interactions by making cooperative and
cumulative hydrogen bonds to both N-7H and N-1H of Hx.
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