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5'-Methylthioadenosin&adenosylhomocysteine nucleosidase substrates MTAN transition state

(MTAN) is a bacterial enzyme of th-ribosyltransferase family. NH, H NH3T pm::: -
It catalyzes the biologically irreversible hydrolytic deadenylation (NI‘\\N «?FN <\"}NH
of §-methylthioadenosine (MTA) oB-adenosylhomocysteine to  Rs— , N NJ N N’J N Z i
form adenine and methylthioribose (MTR) &ribosylhomo- RS o i+ ———  denine
cysteine, respectively (Figure 1). MTAN is involved in bacterial HO OH o e gl

quorum sensing pathways and thus is a potential target for the HO OH o M
design of antibioticd-4 There is no MTAN in humans, wheré-5 eyt Rl

methylthioadenosine phosphorylase (MTAP) catalyzes the reversible -

phosphorolysis of MTA to adenine and methylthioribose-1- _ o &-R-thio-D-rikose

phosphate. MTAP has been targeted in the design of anticancer/9ure 1. Hydrolysis of MTA byN. meningitide/TAN and the proposed

d he basis of its i | ti | ine bi thesi transition-state structure. Cationic features of the transition state are indicated
rugs on the basis of its invo vement in polyamine biosynthesis ;e

and purine salvage pathway$.Probing transition-state structures

of these enzymatic reactions provides an approach for the design

of transition-state analogues as powerful inhibitors. This strategy

has been successfully applied in the development of inhibitors for

E. coliandS. pneumonia®TANs with dissociation constants to

the femtomolar rangé8 Here we report thalleisseria meningitides cationic at the anomeric carbon, and anionic at thayairoxyl

MTAN forms a transition state unique from other MTANS. This oy qen The transition state of bovine PNP differs from other PNPs

surprising result adds another example of closely related enzymesjp, 15t the nucleoside reactant retains substantial bond order to the
with distinct transition-state structur&si? Transition-state ana-

) X ' hypoxanthine leaving group. This difference in transition-state
logues of bacterial quorum sensing pathways have potential for gy \cyyre occurs despite the 87% sequence identity between bovine
blocking virulence gene expression without affecting growth, thus

oY o A ) : ’ and human PNPs and their completely conserved catalyti®sités.
minimizing the probability of generating bacterial strains resistant s syrprising variety in thél-ribosyltransferase transition states
to quorum-sensing antlblotlcs_. . led to the present analysis of the MTAN frolh meningitides

The transition states @&. coliandS. pneumoniaMTANs were All previously reported MTAN transition states are characterized
recently solved using kinetic isotope effects (K} They were by fully dissociated leaving groups with no participation of the water
shown to have dissociativey$ transition states with little or no nucleophile. However, associative transition states are found in other

bond ord_er to the leaving a(_:ie_nin(_a or to the attacking hydrc_))_<yl enzymes of thé\-ribosyltransferase family, and we explored this
nucleophlle. Howeverz a key distinction .between these two.transmon possibility for a family of MTANs. We screened several MTANs
states is the protonation state of adenine N7 at the transition stateun VT Immucillin-A, a transition-state analogue of early 1

In E. coli MTAN, _N7 IS protonated to give a neutral I_e_avmg 9roup.  transition states for MTANS, in comparison to inhibition by MT-
The N7 O.f adenine is not protonatec! at the transition stat_ﬁ.(_)f DADMe-Immucillin-A, an analogue of fully dissociated transition
pneumoniaeMTAN, creating a relatively unfavorable anionic i ing-11 N meningitidesMTAN gave an inhibition profile
leaving group. This feature differentiat8spneumoniaandE. coli suggesting an early transition state. Catalytic turnoverNof

MTAN transition states and explains wh. coli MTAN is  eningitidesMTAN (ke = 8 S3) is similar to that ofE. coli
catalytically~10*-fold more efficient tharS. pneumoniaTAN. MTAN (Kea = 3 5°1).16
at — .

T.he transition state .Of hqman MTAP aI;q eXh'b',tS significant Kinetic isotope effect analysis and computational modeling were
dissociative c_haracter n Whlch the_N-gI¥005|d|c bond is fuIIy_broken used to solve the transition-state structure Nif meningitides
and the leaving group ade_nlne is an_loifﬁd:lo_vvever, a unique MTAN. The study establishes that the meningitidesMTAN has
feature O_f human MTAP In-comparison _W'tE' coli .an(.j.S. an early {1 transition state with significant N-glycosidic bond order
pnegr.non.laeMTANs Is that human MTAP involves significant 5 e ransition state. The early transition stat&lomeningitides
participation of the phosphate nucleophile. MTAN is consistent with its inhibition by transition-state analogues

'(Ij’he properties_ of ribose su%arr]s atthe transiticlm statEks 0?}" of MTANS.16 TheN. meningitideTAN is the first reported MTA
ands. pneymoma@/lTANs and human MTAF.) also make these hydrolase to have an early transition state with significant bond
enzymes different from other enzymes of tiieibosyltransferase order to the adenine leaving group

family. The transition states of human aRthsmodium falciparum The transition state dfi. meningitidesMTAN was probed with

 Albert Einstein College of Medicine. pairs of isotopically labeled MTAs, synthesized enzymaticHlly.
*Massey University. Experimental KIEs were measured for MTAs labeled &3],

purine nucleoside phosphorylases (PNPs) are fully dissociated
ribocations while that for bovine PNP is an earlylStransition
state?! In contrast, the transition states of MTANs frd coli
andS. pneumoniaand human MTAP appear to be zwitterionic,
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Intrinsic and calculated KIEs (left) and the modeled transition state (righ¥). eheningitidesMTAN. The MEP model shown top on the right

was calculated at HF/STO3G (Gaussian 98/cube) for the geometry optimized at the B3LYP/6-31G(d,p) level of theory and visualized with Moskel 4.0
density of 0.15 electronsBAThe stick model shown below on the right has the same geometry as the MEP surface, and the bond length is in A.

[1'-14C], [2'-*H], [4'-3H], [5'-*H_], [9-1°N] and [Me-=H3]. Experi-

The calculated transition state for hydrolysis of MTA by

mental KIEs were measured for MTAs under competitive conditions meningitidesM TAN shows good agreement with the intrinsic KIEs.

known to give KIEs withk./K, (V/K) kinetic parameter¥’. KIEs
were measured by comparing tfe/“C ratio in products formed
from each pair of isotopically labeled MTAs (Supporting Informa-
tion) 1°[5'-14C]MTA was used as the isotopically silent remote label
to examine theéH isotope effects and both 'F4H]- and [5-3H,]
MTAs were used as the remote labels for measuririg“d] and
[9-15N, 5-14C] KIEs. The [1-1“C] and [94°N, 5'-1C] KIEs were
subsequently corrected for the remotel][KIE. All KIEs were

At the transition state the CEN9 glycosidic bond is weakened
with an increase in bond length from 1.47 A for MTA to 1.68 A.
This bond length corresponds to a Pauling bond order of 0.50, the
earliest transition state known for any dissociatN«ibosyltrans-
ferase, since others have’€N9 bond orders of 0.38 tg0.017:91113

This early transition state differs from the fully dissociated transition
states ofE. coliandS. pneumonia®TANs where their C1I-N9
bond lengths are 3.0 A or more, corresponding to a Pauling bond

corrected to represent the isotope effects extrapolated to 0%order of 0.01 or les&®!! The significant bond order at the TS of

hydrolysis according to the equation

i = In@=1)

wheref is the fraction of reaction progred’, andR, are ratios of

heavy to light isotope at partial and total reaction completion,

respectively. Th&/K KIEs obtained above were further corrected
for forward commitment using Northorp’s equation modified for
irreversible reaction(V/K) = ("k + Cy)/(1 + Cr), where"(V/K)

N. meningitide®dTAN is shown in the molecular electrostatic map,
with continuous electron density between methylthioribose and the
leaving group adenine (Figure 2). The eadymeningitides/TAN
transition state generates a significant primai*{C] KIE of 1.032

and a small [£3H] KIE of 1.030. The relatively large [114C] KIE

and small [1-3H] KIE are expected for an early transition state
because reaction coordinate motion contributes to th&¢] KIE.

The small 1-°H of 1.030 is also consistent with the early transition
state because the partial' ©N9 bond sterically restricts enhanced
out-of-plane bending modes and prevents the expression of large
[1'-2H] KIE values. N-ribosyltransferases or acid-catalyzed sol-

is the observed heavy atom isotope effect measured experimentallyVolysis of adenine nucleotides with fully developed ribooxacar-

C; is the forward commitment to catalysis, afklis the intrinsic

benium ion transition states give rise té-fH] KIE of 1.10—1.35

isotope effect” The forward commitment to catalysis was measured as a consequence of enhanced out-of-plane bending modes follow-

using the isotope partition method as described previouslyefor
coli MTAN.10.18MTAN from N. meningitidegxhibits a relatively

large forward commitment factor of 0.66& 0.027 (Supporting

Information), consistent with its smal,, of 1.4 M. The VIK

ing dissociation of the C+N9 bond011.13.21

The [94°N] KIE is sensitive to both dissociation of the CIN9
bond and N7 protonatioH. A fully dissociated (at the C+N9
bond) adenine intermediate of MTA is known to give an equilibrium

KIEs were corrected for forward commitment to obtain the intrinsic  [9-1°N] KIE of 1.036 which decreases to 1.027 upon N7 protona-

KIEs for [1'-3H]-, [1'-14C]-, [2'-3H]-, [4'-3H]-, [9-15N]-, [5'-3H_]-,
and [Me®H3] MTAs (Figure 2).

tion.!! Correlating the calculated 'F4C] KIE to the intrinsic KIE
indicated a C*=N9 bond length of 1.68 A and a bond order that

Intrinsic KIEs were used as constraints to match a transition- corresponds to a [#N] KIE of 1.012 for unprotonated adenine.

state structure oN. meningitidesViTAN calculated with B3LYP

Protonation at N7 of adenine in this partly dissociated transition

functional density theory and the 6-31G(d,p) basis set implementedstate increases the calculated$8§ KIE to 1.021, consistent with

in Gaussian 98 or Gaussian &3Transition-state optimization for
N. meningitidesvas initiated by making small perturbations to the

the experimental intrinsic KIE (Figure 2). At this transition state,
a fully N7-protonated adenine with residual N@1' bond order is

C1'—N9 bond of MTA. The KIEs were calculated for each partially cationic. The electrostatic repulsion between the partially
perturbation and compared to the intrinsic KIEs. The transition- cationic methylthioribosyl and adenyl groups drives the reaction
state optimization process was completed when the calculatedalong the reaction coordinate, causing the dissociation of the
isotope effects were closely matched to the intrinsic KIEs (Figure N-glycosidic bond of MTA. After the transition-state barrier is
2). passed, dissociation of the ©IN9 bond decreases the cationic

13832 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007
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character of the adenine leaving group and nucleophilic attack by multiple conformations can cause similar KIE values. Consequently,
a hydroxide ion neutralizes the positive charge on methylthioribosyl the accurate determination of therBethylthio conformation relies
to generate adenine and methylthioribose products. The N7 of upon the combined information of '[8H,], [Me-3H3] KIEs and
adenine is also protonated at the TSEofcoli MTAN; however, crystal structures of MTANSs bound to a transition-state analogue.
unlike N. meningitideTAN, the N7 protonated adenine is neutral The transition state oN. meningitidesMTAN from KIEs and
in E. coliMTAN because of the well-advanced dissociation of the computational chemistry is early in g Breaction path, unlike the
C1'—N9 bond. later transition states db. pneumonia@and E. coli MTANs. An

The [2-3H] KIE is caused by hyperconjugation of the €H2' early transition state fal. meningitidesMTAN is also consistent
bonding ¢) electrons to the p-orbital on the anomeric carbon (in  with its inhibition by MTAN transition-state analogue inhibitdfs.
the C1—N9 bond). The magnitude of the'{2H] KIE is propor- N. meningitideMTAN is the first MTA hydrolase and only the
tional to the overlap between the (C2—H2') orbital and the second enzyme of tHe-ribosyltransferase family to exhibit an early
partially empty p-orbital as well as to the relative emptiness of the transition state. Late dissociativeIStransition states dominate the
p-orbital!* Occupancy of the p-orbital is directly affected by the N-ribosyltransferases. Knowledge of this early transition-state
degree of the CEN9 bond dissociation, as is the change in structure is highly relevant for developing specific transition-state
hybridization of the anomeric carbon. The small inverse®ff] analogues for the quorum sensing pathways of this pathogenic
KIE of 0.988 forN. meningitidesMTAN is consistent with both a bacterium.
limited dissociation of the C+N9 bond and disrupted orbital
overlap by an unfavorable dihedral angle between the-8% and
C2—H2' bonds. Partial dissociation of the ©IN9 bond at the
transition state oN. meningitidesMTAN results in incomplete Supporting Information Available: Complete author list for ref
rehybridization of the anomeric carbon. Gaussian calculations 19, experimental details for KIEs, and commitment factor, molecular
indicate that the anomeric carbon ig-&hybridized in the substrate  geometries, coordinates, and normal modes of the transition state. This
compared to {78 at the transition state, and the p-orbital remains material is available free of charge via the Internet at http://pubs.acs.org.
significantly occupied at the transition state. Decreased electron
occupancy of the p-orbital at the transition stat&lofneningitides
MTAN would cause a significant change in tiee(C2—H2') to
p-orbital hyperconjugation at the transition state if the bonds were
in conjugation. The small inverse'f2H] KIE is therefore due to
geometrically unfavorable hyperconjugation with thé-€49 bond,
and it may also be influenced by the geometry of théyairoxyl
oxygen ands* (C2'—H2') at the transition staté.

The [4-3H] KIE reports on both the dissociation of the ©IN9
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