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ABSTRACT. Purine nucleoside phosphorylase (PNP) and hypoxanthine-guanine phosphoribosyltransferase
(HGPRTase) catalyze N-ribosidic bond cleavage in purine nucleosides and nucleotides, with addition of
phosphate or pyrophosphate to form phosphorylatentribose products. The transition states have
oxacarbenium ion character with a positive charge ne@dnd ionic stabilization from nearby phosphoryl
anions. Immucillin-H (ImmH) and Immucillin-H '5PO, (ImmHP) resemble the transition state charge
when protonated at' N and bind tightly to these enzymes wit values of 20 pM to 1 nM. It has been
proposed that Immucillins bind as theM neutral form and are protonated in the slow-onset step. Solution
and solid-state NMR spectra of ImmH, ImmHP, guanosine, and GMP in complexes with two PNPs and
a HGPRTase have been used to characterize their ionization states. Results witmiBNH#PO, and
HGPRTasedmmHPMgPR indicate protonation at N*4or the tightly bound inhibitors. The'£3C and

1'-'H resonances of bound Immucillins showed large downfield shifts as compared to Michaelis complexes,
suggesting distortion of'4C toward sp geometry. The Immucillins act as transition state mimics by
binding with neutral iminoribitol groups followed by'-4N protonation during slow-onset inhibition to

form carbocationic mimics of the transition states. The ability of the Immucillins to mimic both substrate
and transition state features contributes to their capture of transition state binding energy. Enzyme-activated
phosphoryl nucleophiles bound to PNP and HGPRTase suggest enhanced electrostatic stabilization of the
cationic transition states. Distortion of the oxacarbenium ion mimic toward transition state geometry is a
common feature of the three distinct enzymatic complexes analyzed here. Substrate complexes, even in
catalytically cycling equilibrium mixtures, do not reveal similar distortions.
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Ficure 1: Chemical structures of ImmH and ImmH-Bhosphate (upper panel). The lower panel indicates the catalytic site contacts for
ImmH and phosphate at the catalytic sitehdf tuberculosisPNP (A) and for InmHP and MgPPi at the catalytic sitesPoffalciparum
HGPRTase (B) 15, 18).

arbenium ion characteB{-12). After the transition state is  Tritrichomonas foetudHGPRTase are N-:4protonated to
achieved, the ribosyl electrophile migrates from the purine behave as mimics of the oxacarbenium ion transition states.
leaving group to a phosphoryl nucleophile at the catalytic The phosphoryl groups found in these complexes appear to
site (12). Immucillins incorporate features of the proposed be highly nucleophilic from thei#'P chemical shifts. NMR
transition states and are potent inhibitors of purine nucleosideanalysis of free and bound Immucillins indicates that in these

phosphorylase4( 6, 13—15), purine nucleoside hydrolase
(16), and HGPRTaself—19). ImmH (Figure 1, ref20—
22) binds with pM affinity to the PNPs from bovine, human,
Plasmodium falciparumand Mycobacterium tuberculosis
(refs 4, 6, 13, 14; Figure 1), and ImmHP binds té.
falciparumand other protozoan HGPRTases whthvalues
near 1 nM, about X@imes more tightly than their nucleotide
substratesi(8, 19).

The 9-deaza feature of the Immucillins elevates tKg p
at 7-N, and 4N has a [K, that permits formation of the

complexes, mimicry of transition state features is a dominant
force for tight binding. In contrast, Michaelis complexes
show relatively little reactant state destabilization.

MATERIALS AND METHODS

Materials ImmH and ImmHP were synthesized as re-
ported @1). [1'-°C, 4*5N]ImmH was synthesized from
[1-13C]-p-gulonolactone utilizing the method of Fleet and
Son @7) except that PN]-benzylamine was used. [£C€]-
p-Gulonolactone was prepared via a known procedure using

cation at neutral pH. Protonation at 7-N captures a hydrogen[**C]NaCN @8). Phosphorylation of these compounds using
bond to the enzyme that is a feature of the transition statesPOCE and trimethyl phosphate was performed as reported
but not the Michaelis complexes. This interaction has been previously (7). RecombinanM. tuberculosigurine nucleo-
identified by X-ray crystallography and NMR spectroscopy side phosphorylase was produced in recombinant form in a

in complexes of PN#mmHePO, and HGPRTase
ImmHPsMgPR (refs12, 15, 17—19; Figure 1). In principle,
the Immucillins can bind as the-& neutral form like the
substrate or as the'-Ml cationic form resembling the

bacterial system as reported4]. Similarly, T. foetus
HGPRTase was produced and purified as reporzg. (
Human PNP was recloned into pCRT7/NT-TOPO with an
N-terminal Hig-tag vector for ease of expressiongscheri-

oxacarbenium ion of the transition state. Iminoribitol transi- chia coli and purification. For solid-state NMR, internal

tion state analogues bind to PNP and to nucleoisidiiosyl

protein label was provided by growth of overexpressing cells

hydrolases as the neutral species, and it has been postulatedn 200 mg/L [213C, *>N]glycine and incorporation confirmed

that a subsequent step forms the catidd, (23). The
ionization state of Immucillins following slow-onset inhibi-

by MS and NMR. Full details of cloning, expression, and
purification will be presented elsewhere. Solution NMR

tion has not been established but is critical to an understand-measurements for proteins, inhibitors and protdigand

ing of the tight binding of these inhibitord 2, 15, 17, 18).

complexes were obtained on either 300 or 600 MHz Bruker

Here, we provide solution and solid-state NMR evidence that instruments. All buffers were obtained in the highest purities

[1'-13C, 4-1N]ImmH bound to PNPs (of bothl. tuberculosis
and human origin) and [£3C, 4-*N]JImmHP bound to

available and used as received. Magnesium chloride was
99.9% pure and was obtained from Sigma.
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Solution NMR Experimentsl-D proton spectra were in t, (*H) and § (*3C), respectively, with 128 scans per t
typically collected using WATERGATE water suppression point and a recycle delay of 1.5 s. The experiments used a
(39) on the Bruker 600 MHz instrument using 64 scans, a proton sweep width of 14 ppm andC sweep width of
sweep width of 14 ppm sampled with 1024 complex points, 220 ppm with the!H and *3C carriers set to 4.7 and 100
and a recycle delay of 1.3 s. Spectra were processed with gppm, respectively. The proton dimension was zero filled to
cosine bell window function, were zero filled to 2048 points, 2048 points, and th&C dimension was linear-predicted to
and were baseline corrected after Fourier transformation. 2-D256 points before processing with a cosine bell window
H 13C gradient selected sensitivity-enhanced HSQC spectrafunction in each dimension. 2-EH 13C gradient-selected
were typically collected with 1024 and 32 complex points HMQC experiments were collected with 1024 and 64
in tz (*H) and § (*3C), respectively, on the Bruker 600 MHz  complex points in4(*H) and t (*3C), respectively, with 32
instrument, with 32 scans pargoint and a recycle delay of  scans per it point and a recycle delay of 1.5 s. The
1.3 s. All experiments used a proton sweep width of 14 ppm experiments used a proton sweep width of 14 ppm and a
and a*C sweep width of 40 ppm with thi¢d and™*C carriers  13C sweep width of 170 ppm with thi#4 and :3C carriers
set to 4.7 and 50 ppm, respectively. The proton dimension set to 4.7 and 75 ppm, respectively. The proton dimension
was zero filled to 2048 points, and th& dimension was  was zero filled to 2048 points, and tA#& dimension was
linear predicted to 128 points before processing with a cosine|inear-predicted to 256 points before processing with a cosine
bell window function in each dimension. bell window function in each dimension.

1-D 3P spectra were typically collected using continuous A 5 mM sample of [1-13C, 4-5N]ImmH was dissolved
proton-decoupling on the Bruker 300 MHz instrument with in 10% MeOD€4/90% DO ,The methanol was added to
10 000 scans, a 3(uulse, a 50 ppm sweep width centered reduce precipitation of Im.mH in the pH range of-8
at 0 ppm and sampled with 4096 complex point_s, and a Increments 62 M NaOD were added, and the pH Was
recycle delay of 1.5 s. Spectra were processel wif. Hz measured by a micro pH-electrode that was inserted into the
exponential window function, were zero filled to 16 K points, NMR tube. A set of spectra including a 1-4Bi; *H, 13C-
and were baseline corrected after Fourier transformation. HMQC: 1H. 15N-HMBC: andH. 3C-HMBC wer;a ot;tained

1-D 5N spectra were typically collected using continuous for each aEJIdition of bz;lse Fo} the pH range from 4 to 8.8
proton-decoupling on the Bruker 300 MHz ins_trument with all nuclear spins of the Ir.an molecule were assigned.a,t
;?gg Opopf:aannsé Z:ﬁgﬁ' \:/ivi%r? 5282';] (?(\;vrﬁgﬁaiwggi]nctgnfrzzda base increments of 0.15 equiv to fully map the chemical shift

L change as the acidic protons were titrated. Chemical shift
recycle d?'ay."f L5s. Sp_ectra were propessed with a .10 Hzchanges were also determined at the extremes of pH that
exponential window function, were zero filled to 16 K points, overlap for removal or addition of protons to the purine ring.

and were baseline corrected after Fourier transformation._l_he H values were achieved by DCI addition or excess
Proton chemical shifts were referenced to internal 3-(tri- P L ead by
addition of NaOH. Similar titrations of ImmH were per-

methylsilyl)propionate >N and *3C chemical shifts were . . .
referenced indirectly from the proton chemical shift reference formed in DMSQ¢ds. Chemical th'ﬁ Changes for _'”.‘mHPO
(40). and ImmH were also measu.red in solytlons contammg _30A)
DMSO-ds/70% D,O. In the single equivalent base titration
shown in Figure 4, 1@imol of [1'-13C, 4-15N]iImmHeHCI
was added to 1 mL of DMS@s, and an NMR spectrum
was obtained. After this, 1@mol of sodium ethoxide was
added dissolved in 26L of DMSO-ds, and a second NMR
spectrum was obtained. Spectra were collected &t
d300 MHz. Addition of methanol and DMSO up to 20%

Chemical Titration of ImmHA 5 mL solution of ImmH
at a concentration of 50 mM was used to obtain the -acid
base titration wit a 5 Msolution of NaOH as a titrant. The
pH of the solution was measured after each addition of base.
Each base addition wasi2_. A total of 175uL was added,
and the pH varied from 1 to 11. A plot of base added in
equivalents versus pH was constructed from the data, an : o
the plot was used to assign the number of titratable protonscau.Sed only slight changes<{ ppm) from the original
and the pH values of the buffer regions. A similar solution 2SS/gnments.
containing 10% MeOH was shown to be nearly identical ~NMR Irvestigation of PNPase, [#3C, 4-1*N]immH, and
when titrated. Spectra were collected at 300 MHz and at 25 PhosphateA 1 mM (monomer) solution oM. tuberculosis
°C. PNP was prepared buffered with 25 mM potassium phos-
NMR Studies of ImmH in the Range of pH-10. phate in 90% BO, and the pH was adjusted to 7.5 by
Measurement ofH, 13C and?>N chemical shifts as a function ~ addition of NaOD. A 1-D'H NMR spectrum of this sample
of pH were made using 2-BH, *C-HMQC, 2-DH, 13C- was obtained prior to the addition of 1 mol equiv of-[4C,
HMBC, and 2-D'H, 15N-HMBC experiments on the Bruker ~ 4-*N]JiImmH (vs monomer) in a 5@L volume of D,O. A
300 MHz instrument. 2-BH, 1*N gradient-selected HMBC ~ subsequent 1-D spectrum was then obtained as bétdre.
experiments were collected with 1024 and 64 complex points 1*C-HSQC spectra were obtained at 20, 30, 45, and@0
in t, (*H) and § (*>N), respectively, with 8 scans pargdoint To identify bound inhibitor signals in the HSQC spectrum,
and a recycle delay of 1.5 s. The experiments used a protona washout protocol was employed. The sample of PNP
sweep width of 14 ppm and*N sweep width of 120 ppm  [1'-3C, 4->N]ImmHePO, was incubated with a 10-fold
with the 'H and *N carriers set to 4.7 and 60 ppm, excess of unlabeled ImmH in a volume increased 10-fold.
respectively. The proton dimension was zero filled to 2048 After incubation overnight at 37C and concentration
points, and thé®N dimension was linear-predicted to 256 through a semipermeable membrane, the HSQC spectrum
points before processing with a sine bell window function was obtained. The signal located at 6.3 and 67 ppm
in each dimension. 2-BH °C gradient-selected HMBC  decreased. New signals from freé-fiC, 4->N]JImmH were
experiments were collected with 1024 and 64 complex points attributed to free exchanged ImmH in the sample.
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Biochemistry, Vol. 42, No. 19, 2005697

to 1 mL by ultrafiltration. Addition of 100uL PEG-400
(50%) to achieve a final PEG concentration of 12.5% caused

PRTase was prepared buffered with 25 mM potassium crystallization after 18 h at 4C. Crystalline protein was

phosphate, 3 mM sodium pyrophosphate, 3 mM Mg&hd
90% D,O, and the pH was adjusted to 7.5 by addition of
NaOD. A 1-D*H NMR spectrum of this sample was obtained
prior to addition of 1 mol equiv of [C, 4->N]ImmHP
(vs monomer) in a 5aL volume of D,O. A subsequent 1-D
spectrum was then obtained as beféke13C HSQC spectra
were obtained at 25 and 3C. To establish the identity of

harvested by rapid centrifugation and packed for NMR
experiments. Solid labeled ImmH (protonated) was obtained
as a lyophilized solid from HCI at pH 3.0. Solid neutral
ImmH was prepared by titration of 1 mL of a 75 mM solution
of labeled ImmH containing 5 ppm Cu$®y addition of
concd NaOH. Base titration was completed at pH 8.2 as
determined by a pH meter. White semicrystalline material

inhibitor-specific resonances in the HSQC spectrum, a formed in the cold and was spun down and dried in a vacuum
washout protocol was employed. The labeled ImmHP samplefor use in NMR experiments.
was incubated with a 10-fold excess of unlabeled ImmHP Solid-State NMR Experimenﬁpectra were acquired on

ina V(E)lume increased in buffer by 10'f0|d After incubation a Varian/ChemagnetiCS |nf|n|ty Plus 600 spectrometer op-
overnight at 37C and concentration to original volume, the  erating at 599.4 MHz proton frequency, 150.7 MHg, and

HSQC spectrum was obtained. A cross-peak at (6.2, 64.5)60.4 MHz >N frequencies using a triple resonance T3 MAS
declined in intensity after the washout procedure. New probe (Varian Instruments). The spinning frequency of the

signals appeared that were attributed to freéjc, 4-1>NJ-
ImMmHP in the sample.
Phosphorus and Nitrogen Spectf&P (w/H decoupling)

3.2 mm (o.d.) rotor has been adjusted to 8.0 kHz (1-D
spectra) or 13.5 kHz (2-D spectra). The sample was cooled
to a temperature of 8C using dry air. Cross polarization

spectra were obtained by incubation of phosphate, PNP, andexperiments were carried out with a linear ramped rf field

ImmH at concentrations of 2 mM or greater in 50 mM

on the®™N or 13C channel. Heteronuclear decoupling was

phosphate buffer at pH 7.5 (24 000 scans). Conditions for gpplied during acquisition using the TPPM sequent® (

the 3P spectrum of HGPRTase with ImmHP were as
follows: 50 mM potassium phosphate pH 7.7, 2 mM,RP
mM MgCl,, 2 mM HGPRTase, and 1.5 equiv of' {£C,
4'-I5NJImmHP (8500 scans). The chemical shifts f6P
spectra were referenced to phosphoric acid.

with a field strength of about 65 kHz. For 1-D experiments,
1024 points were acquired with a spectral width of 66 kHz.
A sinebell apodization function has been applied before zero
filling to 2048 points and Fourier transformatidfC spectra
were referenced externally to TMS fofC using the

The N spectrum of the same HGPRTase same samplemethylene peak of adamantane at 38.6 ppm. Tie
was obtained as 105 000 scans. Washout of the label washemical shift was referenced to ||qu|d Nusmg the peak

done as described above. ¥, 3C HSQC confirmed
washout of label and the contrBN spectrum was recorded
(105 000 scans).

HSQC Spectra for PNP with Labeled GuanosinBIP was
concentrated to 3 mM in 80%J0 50 mM Tris¢y, pH 7.5
containing 75 mM KCI. 1-D andH, 3C HSQC spectra of
the protein and protein after addition of 3 mM B, 15N]-

at 38.5 ppm in solid*®NH,CI. For the two-dimensional
correlation experiments, double cross-polarizatid?) (vas
implemented selectively4@) to direct the polarization
transfer from nitrogen to carbon (&) For the nitrogen
carbon transfer step, rf field strengths were adjusted to 20.25
MHz for N and 33.75 MHz fo3C. 1024 complex points
(t2) and 128 real points{t have been acquired with spectral

guanosine were acquired, using methods similar to the widths of 66 kHz (w) and 10 kHz (w), respectively. We

spectral collection for the ImmH complex. A solution of 50
mM phosphate (pH= 7.5 in D;O) was then added to a final

thank Chad M. Rienstra for implementing the DCP sequence.

concentration of 2 mM, and another cycle of spectra was RESULTS

acquired. Addition of 10@L of 50 mM phosphate containing

50 mM unlabeled guanosine was used to exchange the NMR Assignments of pR/alues for ImmH Titration of
U-[23C, 15N]guanosine and other labeled products from the ImmH with a strong base established three ionizable protons,
enzyme. As a control, the corresponding spectra of free their pKavalues, and related NMR chemical shifts. TH&.p

U-[*3C, *N]guanosine at 2 mM were also obtained.
HSQC Spectra for HGPRTase with Labeled GNHEG-

PRTase was concentrated to 3 mM in 90%00n 50 mM

phosphate, pH 7.5 containing 75 mM KCI. 1-D alit] 13C-

values for titratable protons were 1.4, 6.9, and 10.0,
respectively (Figure 2). NMR spectra using 148, H, 13C-
HMQC H, *C-HMBC, and'H, *N-HMBC methods were
used to assign thekp at 1.4 to 3-N and theky, at 10.0 to

HSQC spectra of the protein and protein after addition of 3 1-N (Tables 1 and 2). Assignment of the protonation state

mM U-[*3C, ®N]guanosine-5monophosphate were acquired,

of the 4-imino nitrogen was facilitated by analysis of

similar to the spectra obtained for the ImmHP complex. A [1'-**C, 4-"*N]immH (Figure 3 and Table 1). The chemical

solution of 50 mM pyrophosphate containing 50 mM MgCl
(pH = 7.5 in D,O) was added to a final concentration of 5

shift of N changed from 56.7 to 51.2 ppm with the midpoint
centered at pH 7.4 (measured by pH meter iBOP

mM, and another cycle of spectra were acquired. As a corresponding to thelf of 6.9 observed for titration in 3.

control, the corresponding spectra of free B *NJ-
guanosine-5-phosphate at 3 mM were also obtained.
Solid-State NMR Sample Preparatio®olid human
PNRImmMHePO, was prepared by dialysis of 35 mg of PNP
against 50 mM Tris HCI at pH 7.5 followed by addition of
1.2 umol of [1'-C, 4-1>N]ImmH and 6umol of potassium

The protons on 4N were observed directly by titration of
[1'-13C, 4-15N]JImmHeHCI in DMSO-ds. Two signals with
15N coupling (76 Hz, two protons) were converted to a broad
signal with addition of 1 equiv of base (Figure 4).

The chemical shifts of 'iH and 4-H of ImmH were
sensitive to its 4N protonation state and decreased by 0.65

phosphate, pH 7.5. After 2 h, the sample was concentratedand 0.61 ppm, respectively, upon deprotonation (Table 1).
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Ficure 2: Acid salt ImmB2HCI was titrated by NaOH additions
followed by pH measurement. Th&passignments are shown in
panel B. The K, values were determined by use of the half-
equivalent pH measurement as determined from the inflection point
at full titration of the respective proton.

Table 1: Tabulated Chemical Shifts of ImmH and ImmHP at
Different pH Valued

ImmH ImmHP
chemical chemical chemical chemical
shift shift shift shift

atom (pH 5) (pH9) atom (pH 5) (pH 9)
4'-15\ 56.7 51.2 415N 57.2 515
1-H 4.95 4.30 LH 4.93 4.21
4'-1H 3.85 3.24 414 3.91 3.17
1'-13C 59.6 60.0 H3C 57.1 57.7
4'-13C 67.9 67.6 413C 64.5 65.5
9-13C 110.3 117.8 g3C 106.3 113.5
5'-13C 61.2 64.7 513C 62.7 63.0

2Values for the chemical shifts of 5N]ImmH as determined in

Sauve et al.

Table 2: Aromatic Chemical Shift Values of ImmH at Different pH
Values

ppm ppm ppm ppm

atom (pH 1) (pH 5) (pH 9) (pH 11)

H2 8.9 8.17 8.10 8.02
H8 7.88 7.86 7.68 7.45
c2 145.9 1445 146.1 153.9
C4 133.8 143.4 145.9 147.0
C5 117.7 117.6 118.8 121.6
C6 152.2 157.3 158.5 163.2
Ccs8 130.8 131.8 130.3 128.8

a2 The experimental conditions for these measurements are similar
to those for Table 1 and are fully described in the Materials and
Methods.
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Ficure 3: pH dependence of ImmH NMR chemical shifts. Spectra

were taken in RO (95%) at 300 MHz as indicated in Materials

and Methods. The solid curves are least-squares fits to the points

for titration of a single proton. Theky value (in DO) determined

from all fits is 7.45.

Complexes of ImmH and B@ith PNP. ImmH is a slow-
onset, tight-binding inhibitor for PNP froml. tuberculosis
Each monomer of this homotrimer contains a single active
site that binds inhibitor independently with a dissociation

D-O (99%). The pH values are pH meter measurements and are notconstant in the pM range ). The 1-D*H NMR spectra of

corrected for RO content.

In contrast, the t3C and 4-3C chemical shifts were
insensitive to 4N deprotonation, but the carbon chemical
shifts at the 5and 9 positions increased by 3.5 and 7.5 ppm,
respectively (Table 1). For ImmHP, the chemical shifts of
4-15N, 1'-3C, 4-13C, 5-13%C, 94%C, 1-H, and 4-H were
similar to those measured for ImmH in the pH range 685

PNP alone as compared to PHP-1°C, 4->NJImmHePO,
showed extensive changes, confirming the interaction of
inhibitor and protein. Complete inhibition of catalytic activity
in the complex also confirmed inhibitor binding.

The signal for bound [1°C, 4-N]ImmH appeared in
the 'H, 13C-HSQC spectra above 3C at'H = 6.3,1%C =
65 ppm (Figure 5). The complex is stable at elevated
temperatures, and at 8C this signal increased in intensity

(Table 1). These NMR frequency changes could then be usedand shifted to'H = 6.5, 13C = 66. Addition of a 10-fold

to assign the '4N protonation state of [1°C, 4-1N]-
Immucillins at the catalytic sites of PNPs and HGPRTase.

excess of unlabeled ImmH diminished the signal from bound
[1'-13C, 4-SN]ImmH, establishing assignment of the cross-



Catalytic Site Ligands anbl-Ribosyltransferases

A
N1-H N4-H >N4'H [H2 |H8
N7-H
H7 O
B N
He-Q [ NH1
Ho s H N=H2
OH OH
NI 4 H2 HS
__J\/\‘ 1
[ T T T T T 1
12 11 10 9 8 ppm

Ficure 4: NMR of ImmH cation in DMSOds (A) and ImmH after
addition of 1 equiv of sodium ethoxide (B).

13C
ppm
20

30
40- .«
50

] - H
i '_t_,.,. HO uN?‘SC N

1

70 _: bound

~ 0
st ey OH OH M

(3-Mc, 3-H)

80-

90 E""" T IIrIII*'| T
4 3 2 1

PpPm
1H
FIGURE 5: 1H, 13C HSQC of PNR[1'-13C, 4-15N]ImmHephosphate
(black). HSQC of PNH1'-13C, 4-5N]immHephosphate after
addition of excess unlabeled ImmH followed by exchange at 37
°C for 12 h and concentration by ultrafiltration (overlay in red).
Spectra were taken at 6C.

Biochemistry, Vol. 42, No. 19, 2005699

free ImmHP

C
bound ImmHP J Ee Pi bound PPi
1 A .
B bound Pi tee Pi
pH=11.8 Mh
i )
oo—h —
Awi I J\r
pH=7.6 e —— e ———
.
)
S =
pH=2.4
A T I | \ A R B
4 2 0 -2 -4 -6 ppm
31P

FiGURE 6: 3P NMR spectra. Chemical titration of ;AQ, and
H4P-O; by base addition monitored 5P NMR (A). PNRImmHe
phosphate (same as in Figure 5), with phosphate in excess at 50
mM, pH 7.5 (B). HGPRTase, pyrophosphate, 2.5 mM?¥and

5 mM PR and 50 mM Pbuffer (C). Experiments were performed

at pH 7.6, 27°C, and 300 MHz.

phosphate at the same pH and may be due to chemical
exchange. The nature of the exchange has not been defined
but could arise from the catalytic site or a nonspecific cationic
site on the enzyme. The downfield shift of the bound
phosphate is consistent with a net charge in excessof
equivalent to the chemical shift of free phosphate at a pH of
10.5, or electronic distortion imposed by the catalytic site.

1H, 13C NMR of T. foetus HGPRTadmnmHPRMgPR.
HGPRTases equilibrate PRPP and hypoxanthine or guanine
with inorganic pyrophosphate and IMP or GMP, respectively,
in the presence of Mg (Scheme 1). HGPRTases from
several species have been characterized by crystallography,
and here we use NMR to characterize the enzyme ffom
foetus(23—30). TheT. foetusenzyme is a homodimer with
subunits of 20 kDaZ7). The catalytic sites of HGPRTases
bind a single ImmHP molecule, pyrophosphate, and two
Mg?"t ions that sandwich the pyrophosphat&7,( 18).
Comparison of 1-D NMR spectra of free HGPRTase and
HGPRTasdmmHPMgPR established formation of a stable
complex and was verified by enzymatic inhibitio29.

The I-H and 1-*C signals of bound [#3C, 4-5N]-
ImmHP were shifted downfieldd = 6.2,°C = 64.5) from

peak to bound ImmH. The appearance of signals from free the location of 4protonated free IlmHPi = 4.9,°C =

[1'-13C, 4-N]ImmH at (H = 4.5,13C = 59.5) confirmed
release from the enzyme (Figure 5). TH&l spectrum of
bound ImmH was not resolved in solution NMR.

3P NMR Chemical Shifts of Bound Phosphakle 3P
NMR spectrum from the PNiBIMmMHePQO, complex gave a

57.5, Figure 7). Assignment of the peak to bound ImmHP
was confirmed by addition of excess unlabeled ImmHP to
exchange the labeled derivative. Signals for free'{c, 4-
IN]ImmHP appeared in the sample after washout. Binding
to HGPRTase causes chemical shift changes of 1.3 ppm for

large signal at 3.6 ppm assigned to free phosphate and al'-"H and 7 ppm for :*3C. These changes resemble those
smaller signal at 4.1 ppm assigned to phosphate anion infor [1'-*°C, 4-**N]immH bound to PNP (Figure 5).

the active site (Figure 6B). The chemical shift of 3.6 ppm

31p and!*N NMR Spectra of HGPRTag&’'-13C, 4-5N]-

for free phosphate is anomalously high as compared to freeimmHPRMgPP,. Signals for3P were observed for bound
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FiIGURE 7: H, 13C HSQC of HGPRTase and'f13C, 4-1N]ImmHP

in the presence of pyrophosphate and2Mgblack). HSQC of
HGPRTase and [1°C, 4-1N]ImmHP in the presence of pyro-
phosphate after incubation with multiple equivalents of unlabeled
buffered ImmHP for 12 h (overlay in red). Experiments were
performed at pH 7.6 and 27C

pyrophosphate and thé-phosphate monoester in the com-
plex HGPRTas¢g1'-13C, 4-15N]ImmHP«MgPR (Figure 6A).
When compared to the pH titration of free pyrophosphate
and phosphate, th8P NMR spectrum shows the chemical
shifts of bound pyrophosphate split into two resonances
indicative of different chemical environments equivalent to
pH values of>12 and 9.5 for the two phosphate groups.
The pyrophosphate phosphoryl-a8 ppm has a chemical
shift similar to fully ionized pyrophosphate in solution but
will be influenced by chelation with the two Mgions that
sandwich PPat the catalytic site. Free magnesium-pyro-

Sauve et al.

ppm
15N

FiGURE 8: 5N 1-D NMR spectra of HGPRTase in complex with
[1'-13C, 4-N]ImmHP, pyrophosphate, and magnesium chloride
before (A) and after (B) washout of labeled ImmHP by incubation
with unlabeled ImmHP (see Figure 7). Experiments were performed
at pH 7.6 and 27C.
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Scheme 2: Binding Equilibria of PNP with Guanosine,
Phosphate, Ribose-1-Phosphate (R-1-P), and Guanine
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phosphate was not visible in the enzyme experiment becausechemical shifts can be compared to the complex with bound

of broadening effects. The chemical shifts of bound pyro-

ImmH and PQto compare interactions with substrates and

phosphate were insensitive to magnesium ion concentrationyansition state analogues. HSQC studies of RNP3C, 15N]-

ranging from 1 to 4 equiv. Although direct assignments for
proximal and distal groups cannot be made from this

guanosine confirmed that guanosine binds to the enzyme in
the absence of phosphate (Figure 9). The chemical shift of

experiment, both phosphoryl groups of pyrophosphate existthe cross-peak for [#H, 1'-13C]guanosine at'd = 6.2,

as Mg*-chelates at the catalytic site, giving chemical shifts
corresponding to highly ionized free PPhese interactions

13C =91 ppm) is perturbed only slightly relative to guanosine
in solution (H = 6.05,C = 90 ppm). Phosphate addition

are required to generate one nucleophilic oxygen from the giq not significantly alter the bound guanosine signal but

asymmetric (MgPR ensemble. The chemical shift of the
5'-phosphate monoester is also downfield in the bound form
relative to free solution, reflecting its environment in the
complex (Figures 1 and 6A).

The resonance of the’-#N of bound [1-13C, 4-1°N]-
ImmHP was visible in thé>N NMR spectrum at 58.9 ppm
(Figure 8). The spectra of the HPGPRTédsenHP complex

resulted in formation of R-1-Pil = 5.7,13C = 101 ppm).
Addition of excess unlabeled guanosine and phosphate
confirmed the assignments of the free and bound guanosine
and R-1-P chemical shifts in that the intensities of unbound
U-[*3C, *N]guanosine were enhanced.

NMR Spectra of T. foetus HGPRTadg :°C, 1>N]GMP.
The complex of HGPRTas®-[*°C, 1*N]GMP forms in the

before and after exchange with unlabeled ImmHP establishedabsence of pyrophosphate, a result previously demonstrated

that the signal is from bound ImmHP. Comparisons of
chemical shifts of bound ImmHP with the corresponding
chemical shift of [1-13C, 4->N]ImmHP in cationic (57.2
ppm) and neutral (51.3 ppm) forms indicates that ImmHP is
bound to HGPRTase as the cation.

NMR of PNRU-[*3C, *N]guanosine with M. tuberculosis

by X-ray crystallography (27). The cross-peak for bound
[1'-H, 1'-13C]GMP was found at'H = 6.2,13C = 92 ppm)
as compared to the location of the cross-peak for the free
nucleotide at{H = 5.95,%3C = 89 ppm).

Addition of Mg?"-pyrophosphate caused the enzyme to
reach a rapid equilibrium involving free and bound GMP

PNP.Saturation of PNP with guanosine and phosphate formsand pyrophosphate as well as free and bound guanine and

an equilibrium mixture of guanosine, guanine, /2@nd

PRPP (Scheme 3). No chemical shift changes were apparent
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[e}
mainly in the spectral region around 43 ppm and establish

N
/ NH .
<Nf>w . i formation of the complex.
HOFOT_o Y e — werrer + | H The N-CP-MAS NMR spectra of ImmH in the neutral
l \N /I\NH
N 2

(spectrum A) and protonated state (spectrum B) and in the

o complex of human PNIPL'-23C, 4-15N]ImmHePQ;, (spectrum
e Ell+E C) are shown in Figure 11 (center panel). In the neutral state,

o the 4->N chemical shift is 51 ppm, and upon protonation

/N\AH\NH the signal is shifted downfield to 57.5 ppm. The line width

Houro <N | P, .9 of the®N signal is strongly dependent on the crystallization
+ Mgpp? MEPRE? s <N | NH state of the molecule. At pH-8 we were abl_e to grow

oH OH N N)\NHZ crystals of ImmH that gave a narrower line width than for

(complexed) (complexed) the cationic inhibitor. The inhibitor bound to the human PNP

shows a chemical shift of 61.0 ppm, indicating that the

for bound GMP because of Mtrpyrophosphate binding  inhibitor is protonated when bound to the protein. The amide
despite the formation of the functional Michaelis complexes backbone signals of isotopically labeled amino acids incor-
(Figure 10). porated into human PNP from [2€, *N]-glycine are found

Solid-State NMR Spectra of f2C, 4-15N]immH Free and ~ Petween 100 and 130 ppm. The assignment of the ImmH
Bound to Human PNPSolution NMR did not permit direct ~ P€ak in the proteirinhibitor complex can be confirmed by
observation of thé®N signal from labeled ImmH bound to @ DCP eéxperiment that transfers magnetization from the
M. tuberculosisPNP. We produced complexes of human Protons to'*N and then to“C where it is detected. Figure
PNR[1'-13C, 4-15N]ImmHePO, and precipitated them for 11 (right panel) shows the DCP spectrum for human NP
both 23C- andN-solid-state NMR analysis for comparison [1'-*°C, 4-*NJimmHsPQ, overlayed with the DCP spectra
with precipitates of [£13C, 4-15N]immH in neutral and of labeled ImmH in the neutral .(green contours) and
cationic forms. The aliphatic region of tH8C-CP-MAS protonated (blue) state. In concert with theT 1-D spectra shown
NMR spectra of labeled ImmH in a neutral (line A) and 2above, the 4N chemical shift of ImmH in the solid state
protonated (line B) state as well as bound to human PNP S Sensitive to the protonation state, while tHe'*C shift
and phosphate (line C) are shown in Figure 11 (left panel). f€Mains constant upon protonation. In contrast, th&d
The frequency of the '#13C signal is found to be ap- S|gnall is shifted downfield upon binding of ImmH to the
proximately independent of the protonation state of the Protein.
neighboring nitrogen atom, as in solution (Figure 3).
However, upon binding of the inhibitor to the protein the DISCUSSION
1'-13C chemical shift of ImmH increased from 57 to 65 ppm,  Transition state structures foi-ribosyltransferases have
similar to the solution NMR result with PNP froriv. been obtained from kinetic isotope effects (KIEs) and
tuberculosis *°C signals resulting from [23C, 15N]glycine computational chemistny®( 10, 31). These enzymes cleave
incorporated into the PNP during expression are found the C—N bond of nucleosides and nucleotides in dissociative
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Ficure 11: (Left panel) Solid staté€*C-CP-MAS spectra of [113C, 4-15N]ImmH in the neutral (A) and protonated (B) state and bound

in the complex human PNRL'-13C, 4-15NJImmHePQ, (C). Only the aliphatic regions of the spectra are shown. The ImmH peak in spectrum

C is marked by an asterisk. The large change in the chemical shift suggests a conformational strdin(midcH& panel}'>N-CP-MAS

spectra of neutral (A) and protonated (A) ImmH and bound to human PNP (C). The chemical shift on the protein suggests a protonated
state for the amine. (Right panel) Double CP-MAS spectra of the inhibitor in the neutral (blue) and protonated (green) state overlayed on
the DCP spectrum of PNFNMHePO,.

mechanisms that form transition states with oxacarbeniumwith pK, values of 1.4, 6.9, and 10 assigned to N-3 of the
ion character but only van der Waals interaction with the purine, N-4 of the iminoribitol and N-7 of the 9-deazapurine.
phosphoryl nucleophiles. Electrostatic stabilization of the NMR studies of [1-13C, 4-*N]ImmH show that the imino
oxacarbenium ion by the phosphoryl anion assists transitionnitrogen*>N chemical shift changes from 56.7 to 51.2 ppm
state formation. The transition state is reached when theupon conversion of the cation to the neutral amine, and the

N-ribosidic bond length has increased by only-6034 A chemical shift behavior was similar for ImmHP. These
and is followed by a>1.5 A translocation of the ribosyl  features were used to probe the nature of enzyme-bound
C-1 toward the enzymatically fixed nucleophil@2). The Immucillins.

purine, the phosphoryl nucleophile, and therégion of lonization State of ImmH Bound to PNP and ImmHP

nucleosides and nucleotides are fixed during this excursionBound to HGPRTaseSolution NMR spectra of the'H,
(32). The Immucillins are proposed to mimic the oxacarbe- 1'-1*C cross-peaks from PNR'-13C, 4-15N]JImmHeP; and
nium character of the transition state. It was surprising to HGPRTasg1'-13C, 4->N]immHPeMgPR gave chemical
find that twoN-ribosyltransferases bind iminoribitols in their  shifts consistent with the complexed inhibitors existing as
neutral forms and led to the postulate that the cations form the 4-N cations. In the solid-state, NMR analysis of human
in the slow-onset step following binding of the neutral PNP directly established that ImmH is present as the cation.
inhibitor (14, 23). This postulate has also been investigated Formation of the initial PNPImmH complexes mimic the
by computational chemistry with the conclusion that proto- Michaelis complex by binding neutral ImmH withka value
nation of an iminoribitol inhibitor occurs at the catalytic site in the nM range. Slow-onset inhibition occurs on the enzyme
of nucleoside hydrolase36). Here, we have directly  with a rate constant of approximately 0.1'snd tightens
determined the ionization status of Immucillins bound to the binding to the pM rangel8, 14). On the basis of the
PNPs and a HGPRTase. Examination of complexes with current NMR results, we conclude that the slow-onset step
guanine nucleosides and nucleotides permitted direct com-involves protonation at'4N for theseN-ribosyltransferases.
parison of substrate and transition state analogue complexes. Experimentally unresolved questions for the process of on-
The 4-imino nitrogen of ImmH and ImmHP can be enzyme protonation of ImmH include the immediate source
diprotonated to carry a positive charge as an oxacarbeniumof the proton, the reason for preferential binding of the neutral
ion mimic and the nitrogen at N-7 has an elevaté&d as a molecule, temporal separation of ImmH protonation relative
consequence of the 9-deaza modification. These features aréo the slow-onset conformational change, and tKg for
also found in theN-ribosyltransferase transition states. The ImmH when bound to the enzyme. The ionization state of
affinities of ImmH and ImmHP for PNP and HGPRTase, the unliganded catalytic site is unknown, but for catalytic
respectively, exceed those for substrates by factors offunction with inosine, guanosine, and deoxyguanosine, the
10*—1Cf. Here, we have used solution and solid-state NMR enzyme must form Michaelis complexes with neutral mol-
techniques to characterize the ionization of Immucillins in ecules. A carboxylate oxygen of E189 in PNP accepts
solution and in complexes with two PNPs and a HGPRTase. H-bonds from NH-1 and a tightly positioned water and is
The chemical shifts of substrate and nucleophilic phosphoryl likely to be ionized in the ImmH complex (Figure 1). If this
groups were also measured free and in complex with the carboxylate were to be protonated in the unliganded catalytic
enzymes. site, displacement of this proton on substrate binding could
pKa Values for ImmucillinsNMR chemical shift analysis  provide an immediate proton source. The ionic state of this
of ImmH provided (K, values for three titratable protons group has not been spectroscopically analyzed. However, the
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slow-onset, tight-binding rate of 0.1%is consistent with a  tures, an act that requires energy. This distortional binding
protein conformational change that occurs prior to protona- of the Immucillins prevents them from approaching the
tion of ImmH. This slow change could alter th&of bound theoretical limit of 10'® M dissociation constant for PNPs
ImmH and drive protonation from transfer of a water proton. but emphasizes the ability of enzymes to engage in high-
These possibilities provide testable hypotheses for rapid affinity binding when transition state features are present.
reaction studies while tracking pH changes. Chemical Shift of Bound*P in Complexes with Immu-
Slow-onset inhibition kinetics of. foetusHGPRTase by  cillins. The3P NMR spectra of PNPmmHeP, suggests that
ImmHP have not been fully characterized but also involve phosphate is more ionized when bound than free phosphate
slow-onset inhibition with #&;* value of 0.6 nM? Here, both at the same pH. The change reflects an enzyme-induced shift
the 1-H, 1'-13C cross-peak and the direct observation of the in the apparent I, altered electron distribution around
15N chemical shift indicate cationic-N in the tightly bound phosphorus, or both. It is proposed that the altered chemical
complex. The HGPRTasg'-°C, 4->N]JImmHP.MgPR shift represents increased nucleophilicity of the reacting
complex provided a distinctN signal at 58.9 ppm as  oxygen. The cationic'dN of ImmH is located 3.1 A from
compared to 51.3 ppm for unprotonated, labeled ImmHP in the phosphate anion in PNP and forms an ion pair (Figure
solution. Bond distortion near nitrogen can also cause 1). A similar ion pair between P£and the ribooxacarbenium
chemical shifts. The effects of bond distortion &N ion at the actual transition state is fully consistent with our
chemical shifts have been investigated for the tight binding understanding of the transition state2(15).
transition state analogues of thermolysin, where changes in Bound Mg*-pyrophosphate3!P signals were well-
15N chemical shift on/off the enzyme were in the range of resolved, establishing that the two phosphoryl groups are in
1-4 ppm @B3). These effects are well below the 7.6 ppm distinct chemical environments at the catalytic site. The most
change seen in free/bound ImmHP. These results providenucleophilic phosphoryl group gives®P chemical shift
support for the ImmH inhibitors being converted to cationic equivalent to free pyrophosphate at a pd2. The second
mimics of the oxacarbenium ion transition states when bound phosphoryl is in a different environment and is not as
to PNPs and HGPRTase. deshielded. The NMR experiment does not resolve the
Enzymatic Distortion of the Iminoribitol Ring’he chemi- assignment of phosphoryl groups, but placement of one
cal shift for 2-'H of ImmH in solution is 4.30 ppm for the ~ oxygen from the-3 ppm phosphoryl near the cationicM
neutral and 4.95 ppm for the cationic state. A further shift of bound ImmHP provides an ionic pair contributing to
downfield to 6.3 ppm occurs in the PNR'-13C, 4-15N]- binding energy and for transition state stabilization in
ImmHeP, complex. Additional evidence for distortion at the formation of the ribooxacarbenium ion. Distinct chemical
anomeric carbon is the corresponding 6 ppm downfield environments for the phosphoryl groups are also evident from
chemical shift observed in-13C when bound to the enzyme, ~ crystal structures of HGPRTases where boundsfreutral-
despite the lack of a chemical shift change f6#3C with ized by two Mg@" ions (Figure 1).
4'-N protonation of Immucillins in solution. This result is These chemical shifts can be compared to free d?P
almost exactly duplicated in the solid-state NMR spectra of MgPR complexes at equivalent pH values. Freg &MpH
human PNF[1'-13C, 4-15N]ImmHeP, . We propose that this 7.5 had a chemical shift 6f7.3 ppm (Figure 6), while the
distortion of bound Immucillins toward oxacarbenium MgPR complex is —4.1 at the same pH. Under these
geometry is a general feature induced by catalytic site conditions MgPP~ is the dominant species, but in the
interactions with the PNP enzymes. catalytic site two M@" ions are in contact with RPMg?*
Similar results were observed with the complex of HG- binding shifts PPby 3.1 ppm; therefore, chelation with two
PRTase[1'-13C, 4-5N]immHP.MgPR. Both the 1-'H and Mg?* ions provides sufficient electron withdrawal to account
the 1-13C chemical shifts of ImmHP were highly perturbed for the observed chemical shift change for bound IBRR
on binding and nearly reproduced the results for ImmH not for the asymmetry. Assignment of the proximal nucleo-
binding to PNPs. The'4H was located at 6.2 ppm, 1.3 ppm  philic group cannot be made from the present data, but
downfield of the extreme of 4N protonated ImmHP and  studies with Mg complexes of PRPP may be useful in

2.2 ppm downfield of the 4N neutral species. The-43C resolving these assignments. _
chemical shift was downfield of the free solution value by 7 The bound ImmHP '8*'P chemical shift was located 1.5
ppm (64.5 vs 57.5 ppm). ppm downfield of its solution value of 4.1 ppm reflecting

As s carbons are rehybridized towarcPshe chemical  €lectron withdrawal by the ten H-bonds3.0 A to bound
shift of covalently attached protons moves downfield. The 5-phosphate in complexes of HGPRTesemHPMgPR
1'-H and 1-3C chemical shift changes in going from free (ref18; Figure 1). This interaction immobilizes the@gion
to bound cationic Immucillins indicate distortion &G from of substrates through the reaction coordinate and perrnits 5
sp® toward sp hybridization. The transition state for PNP ~anchoring while :C migrates between base and phosphoryl
established from kinetic isotope effects ig-ige suggesting ~ nucleophiles 12, 32).
that theN-ribosyltransferases impose2sgharacter on the Complexes with UC, **N]Guanosine and GMP. N
Immucillins. More perfect transition state analogues might Ribosyltransferses impose large chemical shift changes when
incorporate spgeometry at 2C. When presented with a the Immucillins bind. Here, we compare the complexes with
tight-binding transition state analogue with*seometry at Immucillins to those of substrates to establish if ground state
1'-C, the N-ribosyltransferases impose transition state fea- (Substrate) destabilization is similar to the apparent transition
state stabilization seen with the Immucillins. Chemical shifts
1 . - . of U-[*3C, ®N]guanosine and UYC, 1*N]JGMP upon binding
The K value here fs the equiibium dissociajon constant after the 10 PNP and HGPRTase changed less than 0.3 ppm for the
slow-onset step has occurred. 1'-H and less than 3 ppm for-13C. Addition of phosphate
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or Mg?*-pyrophosphate caused no additional changes, eveninteractions in Michaelis complexes but stronger ones with
though chemically equilibrating Michaelis complexes are transition state analogues. Strong interactions with transition
observed. Large changes for ImmH and ImmHP {113} state analogues do not necessarily establish powerful ther-
ppm for I-H and 6-7 ppm for 1-C) at these same positions modynamic binding at the actual transition state. Transition
suggest weak enzymigand interactions with Michaelis  state analogues convert a statistically improbable dynamic
complexes and strongly enhanced interactions with the point on the reaction coordinate near barrier crossing to a
transition state analogues. Both Immucillin complexes feature static thermodynamic equilibrium where the chemical stabil-
phosphoryl oxygen anions 3.1 A from iminoribitol cations ity of the analogue traps interactions of the transition state,

to form ion pairs that are also predicted to form in the manifested as tight binding.

chemically competent transition state.

Structures of Michaelis and Transition State Analogue REFERENCES

ComplexesCrystallographic evidence indicates that PNP and
HGPRTase active sites are closed during catalysis by flaps
or loops that open to bind substratd§{19, 27). Closing

the flap creates new contacts between the Immucillins and
the protein (15). Comparison of PNé&nosineSO, to
PNRImMmMHePQ, indicates at least six nhew H-bonds form
with ImmH binding. Similar changes are seen with other
N-ribosyltransferased ®, 15, 18, 19). H/D exchange studies

of PNP and HGPRTase with and without Immucillins also
establish tighter organization of the protein around the
inhibitors 34, 35). Computational dynamics of nucleoside
hydrolase with an iminoribitol transition state analogue at
the active site also predict protonation of the iminoribitol to
the cation as well as decreased active site dynan3i6s (

CONCLUSIONS

Iminoribitol analogues at the active sites Nfribosyl-
transferases experience protonation to mimic the transition
states and form ion pairs with the incipient nucleophiles. The 11.
ionic interaction tightens the catalytic site and associated
portions of the protein architecture, but the reaction stalls at
this point by virtue of the chemical stability of the Immu-
cillins. Catalytically relevant forces on the bound inhibitor
include improved H-bonds to the purine leaving group. The
same interactions with the substrate weaken\thiéosidic
bond and are responsible for leaving group activation.
Downfield I-C and 1-H chemical shift changes indicate that
both purine and ribosyl analogues are made electron-deficient
by the active site contacts. Ribosyl group activation occurs
by the proximity of neighboring group oxygens above and
below the ring oxygen. In Immucillins, this environment
causes protonation of-l and distortion of :C toward the
transition state. Electron expulsion from the ribosyl and
withdrawal through the purine facilitates electron flow from
the purine ring as it is heterolytically cleaved from the ribosyl
group at the transition state.

Transition state analyses Nfribosyltransferases demon-
strate that bond order to the nucleophile is minimal. However,
our 3P NMR studies indicate that the enzymes activate the
phosphoryl nucleophiles. Purine activation, oxacarbenium
stabilization, and increased phosphate ionization contribute
in concert to catalytic acceleration. A pathway of energeti-
cally favored charge migration between purine, oxacarbenium
ion, and phosphoryl nucleophile lowers energy along the
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