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ABSTRACT. Methythioadenosine phosphorylase (MTAP) functions solely in the polyamine pathway of
mammals to remove the methylthioadenosine (MTA) product from both spermidine synthase (2.5.1.16)
and spermine synthase (2.5.1.22). Inhibition of polyamine synthesis is a validated anticancer target. We
designed and synthesized chemically stable analogues for the proposed transition state of human MTAP
on the basis of the known ribooxacarbenium character at all repNftdabsyltransferase transition states
[Schramm, V. L. (2003Acc. Chem. Res. 3%88-596]. Methylthio-immucillin-A (MT-ImmA) is an
iminoribitol tight-binding transition state analogue inhibitor with an equilibrium dissociation constant of
1.0 nM. The immucillins resemble the ribooxacarbenium ion transition statésridfosyltransferases

and are tightly bound as the Ndations. An ion pair formed between the iminoribitol cation and phosphate
anion mimics the ribooxacarbenium catigphosphate anion pair formed at the transition state and is
confirmed in the crystal structure. The X-ray crystal structure of human MTAP with bound MT-Imm-A
also reveals that the'-Bnethylthio group lies in a flexible hydrophobic pocket. Substitution of the 5
methylthio group with a 5phenylthio group gives an equilibrium binding constant of 1.0 nM. Methylthio-
DADMe-immucillin-A is a pyrrolidine analogue of the transition state with a methylene bridge between
the 9-deazaadenine group and the pyrrolidine ribooxacarbenium mimic. It is a slow-onset inhibitor with
a dissociation constant of 86 pM. Improved binding energy with DADMe-immucillin-A suggests that the
transition state is more closely matched by increasing the distance between leaving group and
ribooxacarbenium mimics, consistent with a more dissociative transition state. Increasing the hydrophobic
volume near the'gposition at the catalytic site witHhenylthio-DADMe-immucillin-A gave a dissociation
constant of 172 pM, slightly weaker than therdethylthio groupp-Cl-phenylthio-DADMe-immucillin-A

binds with a dissociation constant of 10 pM,{Ki* value of 500000), the tightest binding inhibitor
reported for MTAP. These slow-onset, tight-binding transition state analogue inhibitors are the most
powerful reported for MTAP and have sufficient affinity to be useful in inhibiting the polyamine pathway.

Cellular polyamines and the expression of polyamine in animal models and have been proposed for cancer
pathway enzymes increase on rapid cell divisibn Deple- chemoprevention. Although inhibition of polyamine biosyn-
tion of the polyamines has been shown to be growth thesis is a validated cancer chemotherapeutic approach,
inhibitory and in some cases to restore transformed cells toornithine decarboxylase has proven a difficult target because
the normal phenotype). The proof of concept for targeting  of its rapid turnover in mammalian cells and associated
the polyamine pathway as an anticancer approach has comgoxicity of anti-ODC agents4—6). We selected methythio-
from studies ona-difluoromethylornithine (DFMO), a  adenosine phosphorylase (MTAR)s a potential target for
covalent inactivator of ornithine decarboxylase (ODC), the
committed step of polyamine biosynthesis (reviewed in ref 1\ p oviaione. MTA, 5-methylthioadenosine: MTAP, Sneth-

3). Inhibitors of polyamine synthesis have anticancer activity yithioadenosine phosphorylase; PNP, purine nucleoside phosphorylase;
MT-ImmA, MT-immucillin-A  [(19-1-(9-deazaadenin-9-yl)-1,4-di-
deoxy-1,4-imino-5-methylthi@-ribitol];  phenylthio-immucillin-A,
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Ficure 1: Pathway of polyamine biosynthesis. The committed step of the pathway forms putrescine from ornithine. In the two subsequent
steps, transfer of two propylamine groups from decarboxy-SAM forms spermine and two methylthioadenosine molecules. MTAP is the
only route for recycling the adenine to ATP and the methylthioribose to methionine.

transition state analogue design because of its exclusiveextra demands on the de novo purine pathway of these cells.
function in the polyamine pathway and our success in designOn the basis of this difference from normal cells, MTAP-

of inhibitors for the closely related reaction catalyzed by
purine nucleoside phosphorylasé—Q). The goal is to
provide powerful and specific inhibitors of MTAP. Such
inhibitors may prove useful in resolving the conflicting and
controversial questions of MTAP and polyamine levels in
biological systems.

Methylthioadenosine (MTA) is a product of the reactions

deficient cells have increased susceptibility to interruption
of purine synthesis, and it has been proposed to treat such
cancers with antimetabolites of the de novo pathwkg).(

If suitable MTAP inhibitors were available, MTAP defi-
ciency could be imposed on all rapidly dividing cells and
might cause increased selectivity to purine antimetabolite
therapy.

catalyzed by both spermidine and spermine synthases and

thus has the potential to provide product feedback at two EXPERIMENTAL PROCEDURES

sequential sites in the synthetic pathway (Figure 1). The only ] ) )

means of metabolizing MTA in mammals is phosphorolysis Materials.MTA, buffer.5, and other biochemical reagents
by MTAP. Efficient inhibition of MTAP may cause a buildup ~ Were purchased from Sigma. The cDNA for human MTAP
in MTA concentration and a feedback inhibition of polyamine Was generously provided by Drs. Carson and Rosenbech of
synthases. However, in yeast cultures, genetic deletion of SCripps Institute, La Jolla, CAL@). The expression vector
the MTAP gene increased ODC activity 8-fold and increased @nd Ni-NTA chromatography medium were products of
total polyamine levels. It is proposed that 4-methylthio-2- Qiagen. Centricon and Microcon filters were purchased from
oxobutanoic acid, a downstream product of MTAP activity, Amicon Inc. A Pharmacia Biotech FPLC was used for
regulates ODC expression and polyamine formation in both Protein purification.

yeast and cultured human MCF-7 breast cancer adenocar- Human MTAP.Human MTAP was overexpressed in
cinoma cell lines 10). In these cases, it is proposed that Escherichia coliBL21(DE3) using the pQE32 expression

MTAP deletion may increase polyamines. However, in cell
cultures, accumulation of MTA differs from that in mam-

vector A 1 L culture of E. coli transformed with a human
MTAP clone was induced with 0.5 mM isopropy-p-

malian tissues, and the effects of reversible whole-animal thiogalactopyranoside when the culture reached aR,©D

MTAP inhibition have yet to be resolved. Independent of

between 0.4 and 0.6. Afte8 h at 37°C the cells were

the downstream effects, the presence of MTA has beenharvested by centrifugation and suspended in 10 mL of lysis

reported to be antiapoptotic in cultured normal rat hepato-

cytes but proapoptotic in human hepatoma cdli§.(Studies
on the physiologic effects of MTAP would be possible if
powerful and specific inhibitors were available.

buffer (100 mM Tris, pH 7.9, 300 mM NacCl, and 10 mM
imidazole) per gram of cells. The suspension was made to
0.1% PMSF and 1 mg/mL lysozyme, stored on ice for 30
min, and disrupted by passing twice through the French press.

A common gene deletion in human adult T-cell leukemia The lysate was centrifuged to remove the cellular debris.
includes the MTAP locus. One role of MTAP is to regenerate The supernatant was taken to 20% saturation with ammonium

adenine from MTA. MTAP deficiency prevents adenine

sulfate and centrifuged, and the supernatant was applied to

recycling via adenine phosphoribosyltransferases and places 10 mL Ni-NTA resin column previously equilibrated with
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wash buffer (20 mM imidazole, 100 mM Tris, pH 7.9, and Table 1: Data Collection and Refinement Statistics

300 mM NaCl). The column was washed with 5 volumes

wash buffer, and the HisN-terminal tagged MTAP was
eluted with 10 volumes of the elution gradient {3800 mM
imidazole, 100 mM Tris, pH 7.9, and 300 mM NaCl). The

MTAP peak was concentrated to 8 mg/mL and dialyzed

against 100 mM Tris, pH 7.9, 50 mM NaCl, and 2 mM DTT.

Data Collection

space group P321
unit cell
a(A) 122.231
c(A) 44.743

resolution limits (A) 206-1.95 (2.02-1.95)

0,
The purified protein was frozen rapidly (dry ice and ethanol) ;Sy:j?%eness () 6_39('358%())0'0)
in small glass tubes and stored -aB0 °C. The yield of no. of reflections
enzyme is typically 810 mg/L of culture. The concentration unique 28021
of protein was determined by both Bradford aAgh. Its total 167189
purity was determined to be 95% on the basis of SDS . Structure Refinement
PAGE using a 415% polyacrylamide gradient. E‘:W“(%) %g'g
Enzymatic Assays and Inhibitiohhe spectrophotometric no. of amino acids 273
assay measured the conversion of MTA into adenine as a  no. of waters 132
decrease in absorbance at 275 nm to divebetween MTA no. of ligands , 1 MT-ImmA, 1 phosphate
and adenine of 1.6 mM cm 2. Inhibitor concentrations were av proteinB-factor (A 18.9
; . ) av ligandB-factor (A% 13.6
determined by the ultraviolet absorbance spectrum using the 4y waters-factor (22) 255
extinction coefficients for 9-deazadenine of 8.5 mitm™? RMS deviations
at 275 nm at pH 7.0. The kinetics for slow-onset inhibition bond (A) 0.005
angle (deg) 1.3

and theK; measurement were carried out by adding enzyme
of known concentration (25 nM) to the reaction mixtures

at 25 °C containing up to 2 mM MTA and 100 mM
potassium phosphate, pH 7.4. At high concentrations of tion, and the X-ray crystal structures ensure that the substrate
MTA, 0.1 cm path length spectrophotometer cells were used. and inhibitors bind at the same site.

The substrate concentration of 200 MTA, and 100 mM Inhibitor Synthesis MT-immucillin-A and phenylthio-
phosphate was used for routine MTAP assays. Khgfor immucillin-A were synthesized via desilylation ®¥-tert-

the MTAP reaction (MTA+ PQ, < adeninet- 5S-methyithio- - y10xycarbonyl-70-tert-butyldimethylsilyl-2,3,6-trideoxy-
a-D-fibose 1-PQ) is approximately 10° under these condi- 3 g imino-4,50-isopropylidenes-allo-heptononitrile 15),
tions; therefore,_ th initial rate period is shortened by the methanesulfonylation of the deprotected C-7 hydroxyl group,
approach to equilibrium, even at 100 mM phosphate. In casesyng  displacement of the sulfonate with either sodium
where irreversible reactions are desirable, the reaction wasihiomethoxide or sodium thiophenoxide to affokdtert-
conducted in 100 mM Hepes buffer, pH 7.4, containing 50 ptoxycarbonyl-7-methylthio-2,3,6-trideoxy-3,6-imino-4,5-
mM sodium arsenate as the nucleophile and 0.1 mM DTT. o isopropylidenes-allo-heptononitrile or Neert-butoxycar-

This makes the reaction chemically irreversible since ribosyl bonyl-7-phenylthio-2,3,6-trideoxy-3,6-imino-4,6-
1-arsenates are unstable and hydrolyze rapidly. Conditionsigqnropylidenes-allo-heptononitrile, respectively. Previously
for Ki* determination used high concentrations of substrate reported methods were then used to construct the 9-dea-
relative to the reportedr, of 5 uM for native and cloned  ,554enine subunits and globally deprotds) to afford the

MTAP (13). Controls having no inhibitor and no enzyme pishydrochloride salts of MT-immucillin-A and phenylthio-
were included in all experiments. The values for the immucillin-A.2

inhibitors were calculated by fitting the initial rates to the MT-DADMe-immucillin-A, phenylthio-DADMe-immu-

expression for competitive inhibition: cillin-A, and p-Cl-phenylthio-DADMe-immucillin-A were

Vv, K, + [S] synthesized via selective methanesulfonylation of the hy-

— = droxymethyl group of the previously reportedR3R)-N-

Vo o Kt I[SI+K[Il/K; tert-butoxycarbonyl-3-hydroxy-4-hydroxymethylpyrroli-
dine (16) followed by displacement of the sulfonate group
with either sodium thiomethoxide, sodium thiophenoxide,
or sodium 4-chlorophenylthiolate and deprotection of the Boc
group with methanolic HCI to afford either RA4S)-3-

aValues in parentheses are for the highest resolution shell.

whereVy' is the rate in the presence of inhibitdf; is the
rate in the absence of inhibitor, [I] is the inhibitor concentra-
tion, and [S] is the substrate concentration. These relation-

ships are valid only when the concentration of the inhibitor h : - :
; ydroxy-4-(methylthiomethyl)pyrrolidine hydrochloride,
is at least 10-fold greater than enzyme concentratiai. ( (3R,49)-3-hydroxy-4-(phenylthiomethyl)pyrrolidine hydro-

Tight-binding transition state analogue inhibitors often chloride, or (R 49-3-hydroxy-4-(4-chlorophenylthiometh-
display a second phase of tighter inhibition after reaching ayl)pyrrolidine hydrochioride, respectively. Conversion of

thermodynam]c equTbnum with t_he enzyme. Th|s_d!3300|a- these amine hydrochlorides to the DADMe-immucillin-A
tion constant is thé&;* value and is calculated by fitting to derivatives was achieved via a Mannich reaction with

the expression for competitive inhibition: formaldehyde and 9-deazaadenine as previously described

Ve K, tIS] (172
Vo Ky [S]+ K IV K*

2 A detailed description of the synthesis and characterization of these

. . A and related compounds will be published elsewhere. The steps described
after the reaction has reached its equilibrium value of SIOW- here establish the synthetic strategy and document literature methods

onset inhibition. These equations assume competitive inhibi- for the chemical steps.
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FiGURE 2. Reaction catalyzed by MTAP (A). Oxacarbenium transition states occur in all kheryosyltransferases. Steps in the slow-
onset, tight binding of transition state analogue inhibitors (B) are shown, where |, E, S| araihibitor, enzyme, substrate, and enzyme
with tightly bound inhibitor following slow onseK; andK;* are the dissociation constants for inhibitiors taken with initial rate and equilibrium
conditions, respectively. Immucillin inhibitors designed to be transition state analogues of MTAP (C).

Crystallization of MTAPMT-ImmAPQO,. Recombinant 6.4%. In the last shell (2.0621.95 A), 86% of the reflections
human MTAP was cocrystallized with a 1:2 stoichiometry hadl/(o)l >1.00 with Rgym of 38.6%. Crystals were isomor-
of MT-ImmA and 5 mM phosphate by hanging-drop vapor phous with MTAPMTA-SO, reported earlier by the Ealick
diffusion at 18°C. Protein (2.5:L of 15 mg/mL) containing laboratory (9). Rigid-body refinement gave an initial
MT-ImmA and phosphate was mixed with Q& of 100 R-factor of 35.2% and a correlation coefficient of 66.7%
mM spermidine and 2.0L of a reservoir solution containing  using 8.6-4.0 A data.

100 mM Tris, pH 8.0, and 20% PEG 6000 (Hampton) and  Structure Refinementhe structure of MTARMT-ImmA-
equilibrated against 1 mL of reservoir solution. Long rods PO, was refined with CNS Z0) and manual intervention
with hexagonal faces appeared in 3 days and grew tg 50 using the program 2¢). The final model includes residues
50 x 500 um3. Diffraction patterns from the crystals were 9—281, MT-ImmA, a phosphate ion for each monomer, and
consistent with the space gro®821 @=b=122.23 Ac 132 water molecules witRgys; andRyee 0f 18% and 20.7%,

= 44.74 A), with a monomer in the asymmetric unit,(= respectively. Contacts at subunit interfaces were identified
3.09 A/Da; 60% solvent). by ContactsymZ?2). Analysis by PROCHECKZ3) indicates

Data Collection, Processing, and Structure Determination. excellent stereochemistry with 89.4%, 9.8%, and 0.4% in
Crystals were transferred briefly to reservoir solution con- the most favored, additionally allowed, and generously
taining 5-25% glycerol and frozen at178°C. X-rays from allowed regions of the Ramachandran plot, respectively.
beamline X9B (Brookhaven National Laboratory, 0.98 A) Lys51 is in the disallowed region but shows excellent
were diffracted by the crystals, and data were collected on electron density i, — F. omit maps. The parameters for
a2 x 2 ADSC Quantum CCD detector. Data for the MTAP  data collection and structure refinement are provided in Table
MT-ImmA-PO, were reduced with the HKL programs8) 1. The structure has been deposited in the Protein Data Bank
and were 99.5% complete to 1.95 A resolution wRthy, of (PDB ID code 1K27).
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FiGuRE 3: Slow-onset inhibition of MTAP by MT-ImmA (upper panel). MTA and phosphate were ag@5@&nd 100 mM, respectively.
Values ofK; (lower left) andKi* (lower right) from fits of initial and final reaction rates. Similar experiments gave the values shown in
Figure 2C.

RESULTS AND DISCUSSION a Ki* equilibrium dissociation constant of 1 nM (Figure 3).
The Ky value was determined for our overexpression

Inhibitors of MTAP.The phosphorolysis chemistry cata- .
. construct of human MTAP and was®/ for MTA, to give
lyzed by MTAP is closely related to that of PNP, and the a Kn/K;* ratio of 5000. The crystal structure of MTAP

protein fold and catalytic site arrangement are similar despite ™ ; .
the modest 24.5% amino acid sequence identity (Figure 2A; Indicated a flexible hydrophobic pocket near thettiom-

19). The immucillins and DADMe-immucillins are powerful ~ €thyl group (see below), and replacement of thenbthyl
transition state analogues of human PNP by mimicking the 9roup with a phenyl group in phenyithio-immucillin-A gave
ribooxacarbenium ion of the transition state when bound to Ki andKi* values of 3.6 nM and 1.0 nM, respectively (Figure
the enzyme 7—9). MT-immucillin-A was synthesized as a  2C)- On the basis of the recent finding that the related
transition state analogue of MTAP on the hypothesis that DADMe-immucillin-H family exhibits tight binding to

the transition state structure resembles that of PNP. MT- human PNP9), MT-DADMe-immucillin-A was synthesized
ImmA is an oxacarbenium ion mimic of a dissociative and gaveK; and Ki* values of 1.75 nM and 86 pM,
transition state (Figure 2A,C). All known transition states respectively, for aKn./Ki* ratio of 58000. In dissociated
for N-ribosyltransferases have oxacarbenium characteristicsN-ribosyl transfer transition states the distance between C1
but lack the oxacarbenium-stabilizing catalytic site carboxy- of the ribosyl group and the N9 of the departing nucleophile
lates found in glucosyltransferas@gl. MT-ImmA is a slow- is near 3 A, and the use of a methylene bridge to separate
onset tight-binding inhibitor with &; value of 26 nM and the oxacarbenium center and the leaving group improves the
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Ficure 4: Stereo ribbon diagrams of human MTAP monomer with bound MT-ImmA (A) and the trimer (B). Stereoview ef thé&
electron density omit map contoured at@for bound MT-ImmA, phosphate, and two ordered water molecules (C). The active sites are
located near the trimer interface. This figure and Figure 5 were generated using SETOR (

similarity to the transition state9). Combining the 5 aKq/K* ratio of 500000. This inhibitor is the tightest binding
phenylthio group and the methylene bridge in the DADMe inhibitor reported for MTAP with affinity similar to the best
compound gives phenylthio-DADMe-immucillin-A (Figure  PNP inhibitors 9).

2C). This compound gav§; andK;* values of 1.3 nM and Structure of MTARMT-ImMmAPQO,. Human MTAP is a
172 pM for aK/Ki* ratio of 29000. Not all of the residues  symmetric homotrimer similar to human PNP with a single
near the 5thiomethyl group of MT-ImmA are hydrophobic. domain of 115 strands and @ helices (Figure 419, 25).
For example, His137B is contributed from the neighboring The core has a mixed 8-strandgdheet (residues a2,
subunit by a flexible loop that closes over the catalytic site 29—33; 3, 45-50; 54, 54-59; 1, 11-16; 5, 87-98; 511,
of the neighboring subunit. An attempt was made to engage210-220; 56, 106-110; and38, 161-164) with35 andf11
both the hydrophobic pocket with a phenyl group and an extended to create a 5-strangiesheet §11; 55; 510, 192-
electrostatic interaction with H-bond donor groups (e.g., 195;39, 160-172;537, 112-116) surrounded by & helices
His137B or peptide amides)p-Cl-phenylthio-DADMe- (al, 73-84; a2, 146-159; a3, 180-189; a4, 200-208;
immucillin-A gaveK; andKi* values of 360 and 10 pM for o5, 233-259; a6, 264-274). MTAP crystals have a
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B. MTAP-MT-ImmA-PO,
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FicurRe 5: Catalytic site contacts for (A) MTARITA-SO, (19) and (B) MTAPMT-ImmA-PO, complexes. Side chains displayed here are
involved in hydrogen bond or van der Waals contacts with the components at the catalytic sites. The catalytic site residues in MTAP are
amino acid contacts from a single subunit, except for His137B and Leu279B from loops in the neighboring (B) monomer. Distances are
in angstroms, and significant changes in the MT-ImmA structure are in bold.

monomer in the asymmetric unit, and the MTAP trimer axis proton at N7 while anchoring the reactant molecule by the
is coincident with the crystallographic 3-fold symmetry axis 2.8 A H-bond at the 6-amino group.

(Figure 4). Subunit interfaces are extensive, burying 2500  Oxacarbenium character is present at the transition states
A2 from each monomer. The interface involves a 100p of all reportedN-ribosyliransferases2). The N4-imino

connectingf4 to al (64-71), 57 (116-119), a3 (175~

189), andn5 (233-237) from one monomer interacting with

A7 and the loop connecting7 to a2 (112-141) and the

C-terminal residues 276281 from the neighboring mono-

group of immucillin iminoribitol$ has a K, of 6.9 and is
known to be cationic at the catalytic sitesNfribosyltrans-
ferases 26). Similar to other purineN-ribosyltransferases,
there are no enzymatic carboxyl groups to interact with the

mer. Two salt bridges, 12 hydrogen bonds, and 145 van derng-oxacarbenium ion mimic, and the nearest protein atom
Waals interactions (4.0 A or less) stabilize the interface. The tg the N4 is OG of Thr18 at 3.9 A (not shown). The nearest
Hiss tag at the N-terminus was disordered, is located far from neighbor to N4is 04 of bound phosphate at 3.0 A, and this

the catalytic site, and did not alter thg, value reported for
the native enzymel@).
Contacts to MT-ImmA and POThe catalytic sites in

oxygen is 3.3 A below C1the electrophilic center for the
reaction. In the structure of human MTARTA-SQ,, the
nucleophilic oxygen to Cldistance was 4.2 A19), and the

MTAP are near the subunit interfaces with contacts domi- closer 3.3 A for MTAPMT-ImmA-PQ, reflects the forma-
nated by the parent residue but where His137 and Leu279%on of the ion pair that mimics the ion pair that forms in

from the neighboring subunit participate in hydrophobic the transition stateThe N-ribosyltransferases operate through

interactions with the smethylthio group. Analysis of the

difference Fourier mapsF{ — F.) and refinedB-factors

a mechanism called “nucleophilic displacement by electro-
phile migration” in which relatively fixed phosphate and

indicates that the Catalytic sites are fu"y and equa”y OCCUpied purine nuc|e0phi|es are activated by enzyme-enforced in-

by MT-ImmA and PQ (Figure 4C). MT-ImmA is bound
between the smalp sheet §11—£5—510—59—/57) and

teractions and the ribooxacarbenium ion migrates between
the fixed nucleophiles in the reaction coordinate. The

neighboring loops with phosphate bound at the bottom of jnteractions with MT-ImmA and phosphate at the catalytic

the active site in close proximity to Chnd N4 of the

site of MTAP are consistent with this mechanism. On the

iminoribitol ring (3.3 and 3.0 A, respectively; Figures 5 and pasis of the geometry and distances of bound MT-ImmA, a

6A). The B-methylthio group is located in a primarily

1.8 A migration of C1 toward the fixed phosphate anion

hydrophobic pocket formed by Thrl8, Val 233, Val236, and would constitute the reaction coordinate. This distance for
Phel77 from the parent monomer and His137B and Leu279B

from the adjacent monomer. The 9-deazaadenine group is

wedged between the backbone of the 5-strarftigldeet and

3 The K, for protonation of N1 of adenosine (and therefore MTA)
in solution is approximately 4.0, making th&pat N7 significantly

the side chain of Phel77 (Figure 6A). Hydrogen bonds are jess than 4. After protonation of N1, N7 protonation forms the dication
formed between Asp220, the 6-amino group, and N7 (2.8 near pH 1. In MTAP the enzyme forms a water H-bond to N1 of MTA,

and 2.9 A, respectively). Thekp of N7 in the immucillins

is >10, and Asp220 must be anionic to accept two favorable

hydrogen bonds from NH7 and N6l of MT-ImmA. In the
Michaelis complex with MTAP, the N7 of MTA has &p

and this would influence theka at N7. We can estimate that N7 of
MTA in the Michaelis complex with MTAP has aka of 2 + 1.
4Immucillin-H is (19)-1-(9-deazahypoxanthin-9-yl)-1,4-dideoxy-1,4-
imino-p-ribitol and has been shown to have K,p>10 at N7 @6).
MT-ImmA is chemically similar in the 9-deazaadenine ring and is

near 2% and Asp220 must be neutral to donate a H-bond to €xpected to have a similakp

N7 and to accept a H-bond from N6 (19). Asp220 is

5Kinetic isotope effect studies with human MTAP establish the
oxacarbenium nature of the transition state (Singh and Schramm,

ideally located to act as the general acid to donate/accept ainpublished results).
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A. MTAP with MT-ImmA and Phosphate

7 s178

Heé1)//%=
~ R60 <

osine and SO43'

J D222

Ficure 6: Stereoview of the amino acids in the active site of human MMMIRIMmMA-PO, (A) and human MTAPMTA SO, (B). The
superposition (C) shows the relative alignment and geometry of MTA (gold) and MT-ImmA (C, gray; N, blue; O, red; P, yellow; S, green)
at the catalytic sites of these complexes. Both ligands were aligned with backbone segments of the protein that are constant in both complexes.

electrophilic migration is similar to that found at the catalytic include a water-mediated H-bond between His65 and O3
site of bovine PNPZJ5). Other contacts to the iminoribitol and a direct 2.8 A H-bond between Met196 and'.02
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Together with the phosphate interaction, these contacts orientover 10 kcal/mol binding energy, more than required to

the iminoribitol relative to the phosphate.
Activation of the phosphate anion is through Arg60 and

explain the 500000-fold increase in binding equilibrium.
A second interaction is that between Asp220 and N7 of

His61 to O1 and a bidentate interaction of Thrl8 contacts bound MTA and MT-ImmA. On the basis of the crystal
03 and O4. Hydrogen bonds between 02, Thr93, and Thr197structure Asp220 provides a 3.0 A hydrogen bond to N7 of
complete the seven direct H-bonds (of less than 3.0 A) to MTA, requiring Asp220 to be protonated and to form a

phosphate, all provided by loops in the protein structure
(Figures 5 and 6). These contacts leave O4 positioned for
access by the migration of the ribosyl 'C1

Structural Comparison of MTARITA-SQ, and MTAP
MT-ImmAPQO,. MTAP transition state analogue and sub-
strate complexes are similar with an RMS deviation of 0.3
A for all Co. atoms. The Smethylthio group and the adenine/

H-bond partner with N7, a group wittKgnear 2. MT-ImmA
is protonated at N7 (6, > 10)* and donates a proton to
anionic Asp220. Although the oxygemitrogen distance
does not change, the H-bond to N7 of MT-ImmA is likely
to be more favorable.

Several interactions with the phosphate anion are more
favorable in the complex with MT-ImmA (bold in Figure

9-deazaadenine bases participate in similar hydrogen-bondin%B), consistent with an ion pair between the MT-ImmA and

networks in the two structure4 ). Despite this similarity,
N7 is a H-bond acceptor with MTA and a donor with MT-
ImmA. Thus Asp220 must be a neutral H-bond donor in the
Michaelis complex or, if ionized in this complex, will form

a repulsive interaction with N7. In contrast, the carboxyl
of Asp220 forms an anionic H-bond acceptor with N7 of
MT-ImmA. A water-mediated hydrogen bond between His65
and O3 is observed in MTARMT-ImmA-PO, but not in

the MTAP-MTA-SQO, complex, despite the similar crystal-
lization conditions and resolution ranges. Another difference
between the complexes lies in the disposition of the two
ligands in the catalytic sites. In the MTART-ImmA-PO,
complex, the phosphate O4 is at distances of 3.0 and 3.3 A
from the transition state analogue 'N#hd C1, respectively.

phosphate, pulling both more tightly into the catalytic pocket
to more closely resemble the transition state complex.
Binding of DADMe-ImmucillinsAlthough crystallographic
information is not yet available for MTAP in complex with
a DADMe-immucillin, structures have been solved for
trimeric PNP with immucillin-H and DADMe-immucillin-H
bound at the catalytic site8). In these cases the phosphate
iminoribitol ion pair is separated by 3.1 A in the complex
with immucillin-H but only by 2.7 A in the presence of
DADMe-immucillin-H. In MTAP, shifting the nitrogen from
the 4 to 1' position in the DADMe-immucillins increases
affinity by 6—12-fold, and this reflects increased ion pair
interaction and the loss of the-Bydroxyl interactions in

the oxacarbenium mimic. Thus, the DADMe-immucillin-A

In the MTAP-MTA-SQ, complex, O4 of sulfate is 3.9 and  gpai0gues are proposed to form a more favorable ionic bridge
4.2 A from the substrate MTA O4nd C1, respectively. g phosphate to enhance binding.

These differences are caused by the more favorable binding  ~,c|usions. Transition state analogue mimics were

interactions of the transition state analogue inhibitor to designed on the proposal that MTAP is similar to other
organize the protein around the catalytic site and to pull the \_jqsvitransferases in having ribooxacarbenium ion char-

transition state analogue slightly deeper into the catalytic site
(Figure 6C).

Purine nucleosides prefer the '@hdoconformation (C3
above the plane of the ribose ring) in solution. The
ribooxacarbenium ion transition states Nfribosyltrans-
ferases are characterized by ribosyl rings in which C1
approaches $hybridization, and the ribosyl ring pucker is
C3-ex0(C3 below the plane). In both MTARIT-ImmA-

PO, and MTAPMTA -SO, complexes the iminoribitol and
ribosyl groups have C3xopucker imposed by the enzyme
in preparation for transition state formation.

Basis for Tight Binding of Immucilling:he hydrogen bond
lengths to MTASO, and MT-ImmAPQO, are similar and
would not predict large differences in binding energy from
the ensemble of H-bond distances alone. However, two
transition state features of MT-ImmA readily account for
the observed pM binding constant. MTA is a neutral
molecule, and the interaction between O4 of phosphate and
O4 of the ribosyl ring is a repulsive one since both are
electron rich and carry partial negative charges. The distance
of 3.9 A reflects this electronic repulsion (Figure 5). In
contrast, the same atomic position in MT-ImmA is tHe 4
imino cation that forms a 3.0 A ion pair to the Odf
phosphate. Although we cannot solve Coulomb’s law
explicitly for this case since the dielectric constants are
unknown and differ between the charged and uncharged
molecules, a conservative estimate is to separate the phos
phate anion from the MT-ImmA imino cation from 3.0 to
3.9 A assuming a dielectric of 5. This approximation gives

acter at its transition state. With dissociation constants to 10
pM, they are the most powerful noncovalent inhibitors
reported for the polyamine pathway. They bind up to 500000
times tighter than substrate. The crystal structure with
MT-immucillin-A indicates that the two features most similar
to the transition state, namely, theiinoribitol cation and

the elevated I§, at N7 of the deazaadenine ring, play
important roles in the tight binding. The tightest binding
analogue ig-Cl-phenylthio-DADMe-immucillin-A and is
proposed to capture binding energy from hydrophobic and
electrostatic interactions at the hydrophobBibiding pocket

as well as from enhanced ion pair interactions between the
1'-nitrogen cation and nucleophilic phosphate anion.
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