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Abstract: The bacterial enzyme 50-methylthioadenosine/S-adenosylhomocysteine nucleosidase

(MTAN) plays a central role in three essential metabolic pathways in bacteria: methionine salvage,

purine salvage, and polyamine biosynthesis. Recently, its role in the pathway that leads to the
production of autoinducer II, an important component in quorum-sensing, has garnered much

interest. Because of this variety of roles, MTAN is an attractive target for developing new classes

of inhibitors that influence bacterial virulence and biofilm formation. To gain insight toward the
development of new classes of MTAN inhibitors, the interactions between the Helicobacter pylori-

encoded MTAN and its substrates and substrate analogs were probed using X-ray crystallography.

The structures of MTAN, an MTAN-Formycin A complex, and an adenine bound form were solved
by molecular replacement and refined to 1.7, 1.8, and 1.6 Å, respectively. The ribose-binding site in

the MTAN and MTAN-adenine cocrystal structures contain a tris[hydroxymethyl]aminomethane

molecule that stabilizes the closed form of the enzyme and displaces a nucleophilic water
molecule necessary for catalysis. This research gives insight to the interactions between MTAN

and bound ligands that promote closing of the enzyme active site and highlights the potential for

designing new classes of MTAN inhibitors using a link/grow or ligand assembly development
strategy based on the described H. pylori MTAN crystal structures.
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Introduction

The enzyme 50-methylthioadenosine/S-adenosylho-

mocysteine nucleosidase (MTAN) is known to cata-

lyze the N-glycosyl hydrolysis of three different

adenosyl derivatives, placing it at a central hub in

bacterial metabolism.1,2 The substrates for MTAN,

50-methylthioadenosine (MTA), 50-deoxyadenosine,
and AdoHcy, are produced from S-adenosylmethio-

nine (AdoMet) through the synthesis of polyamines,

AdoMet radical reactions, and by AdoMet-dependent

methylation reactions, respectively. The products

from the MTAN enzymatic reaction feed directly into
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the purine and methionine salvage pathways.

Because adenine and methionine, as well as AdoMet,

are energetically expensive for bacteria to synthesize

de novo, by leveraging these salvage pathways, bac-

teria avoid the costly production of these important

metabolites. The polyamines, such as spermine and

spermidine, produced from AdoMet are important for

interacting with nucleic acids and regulating DNA

replication.3–7 Because AdoMet lies at a metabolic

nexis of so many important pathways, the importance

of appropriately degrading AdoHcy, MTA, and 50-de-
oxyadenosine cannot be overstated. Inappropriate

accumulation of these MTAN substrates promotes

feedback inhibition of AdoMet-dependent methyltrans-

ferases, proteins of the polyamine biosynthetic path-

way, and the AdoMet-radical dependent biotin syn-

thase, respectively.2–5

In addition to the direct metabolic effects, every

common biological polymer (nucleic acids, proteins,

and polysaccharides) is modified by AdoMet-depend-

ent methyltransferases.7 The effects of these methyl-

ation reactions are manifold, so it follows that the

level of AdoMet-dependent methyl transfer reactions

and the concentration of downstream products from

these reactions reflect the metabolic health of any

bacteria and that disruption of this pathway would

be detrimental to bacterial cells.7,8 Indeed, many

bacteria exhibit a profound response to downstream

metabolites of AdoHcy degradation. Some of these

diffusible signaling molecules allow species specific

and interspecies bacterial communication, or quo-

rum-sensing, between neighboring bacteria.9

There are now many known classes of com-

pounds that act as quorum-sensing signaling mole-

cules.9 Autoinducer-2 (AI-2) molecules are furanosyl

compounds synthesized from the carbohydrate moi-

ety of AdoHcy (Fig. 1). Two enzymes are required for

the synthesis of AI-2 from AdoHcy. MTAN catalyzes

the irreversible hydrolysis of the N-glycosidic bond

in AdoHcy to produce adenine and S-ribosylhomo-

cysteine.1 In the second step, the S-ribosylhomocys-

teine Lyase (LuxS) enzyme then catalyzes the trans-

formation of S-ribosylhomocysteine to homocysteine

and 4,5-dihydroxy-2,3-pentanedione, which is the

precursor to both types of AI-2 compounds.10 4,5-

Dihydroxy-2,3-pentanedione spontaneously cyclizes

and reacts with water forming one of two possible

diastereomers, (2S,4S)-2-methyl-2,3,3,4-tetrahydroxyte-

trahydrofuran (S-THMF) or (2R,4S)-2-methyl-2,3,3,4-

tetrahydroxytetrahydrofuran (R-THMF), depending

on direction of nucleophilic attack on carbon 2. Addi-

tionally, S-THMF can react with borate to produce

a furanosyl boron diester (S-THMF-borate). Both

R-THMF and S-THMF-borate are diffusible AI-2 mole-

cules that can promote quorum-sensing in bacterial

populations. Although S-THMF-borate has been shown

to affect only Vibrio species, R-THMF can affect the

metabolism and gene expression of many different

bacterial species.11–14 The downstream gene expres-

sion and metabolic effects mediated by AI-2 molecules

are still being characterized, but those identified to

date are significant. Some of these include antibiotic

production, sporulation, expression of virulence fac-

tors such as type III secretion systems, flagellar bio-

synthesis, and biofilm formation.15–19

In various Helicobacter pylori, the presence or

absence of AI-2 produces mixed and sometimes con-

tradictory results that appear to be strain specific.

In H. pylori strain G27, the production of AI-2

directly affects flagellar morphogenesis and thereby

regulates bacterial motility.15 The H. pylori SSI

strain, when lacking a functional luxS gene, exhibits

a decrease in viability in mice, whereas the X47

strain of H. pylori that also lacked a functional luxS

gene showed no effect.20 Although no studies have

yet examined the consequence of inhibiting MTAN

activity in H. pylori in vivo, inhibiting MTAN in E.

coli and V. cholerae strains decreases the production

of AI-2 in these bacteria and produces defects in bio-

film formation.16

Structural and kinetic studies of MTAN from

multiple species have led to a clear understanding

of the roles of active site residues necessary for catal-

ysis and the details of the enzymatic mechanism

[Fig. 2(A)].21–25 Using the numbering of the H. pylori

MTAN (HpMTAN) enzyme for clarity, catalysis is ini-

tiated by proton transfer from D198 to the N7 atom

of the substrate. The resulting delocalized positive

charge on the adenine moiety leads to stretching, and

Figure 1. Metabolic pathway encompassing MTAN. This series of reactions illustrates the degradation of AdoHcy after

AdoMet is used as a general methyl-donor. The enzyme that catalyzes each step is boxed. The chemical steps following 4,5-

dihydroxy-2,3-pentanedione production that lead to the production of the THMF compounds and S-THMF-borate occur

spontaneously without the need for any enzymes.
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ultimately breaking, of the N-glycosidic bond of the

substrate. This produces an oxocarbenium ion that is

attacked by a nucleophilic water molecule coordinated

by the C30-hydroxyl of the substrate, and the side

chains of R194 and E13, with E13 acting as a general

base to activate the nucleophilic water. A multiple

sequence alignment of MTAN sequences from 50 bac-

terial species representing diverse genera clearly

exhibits the importance of these catalytic residues

[Fig. 2(B)]. Interestingly, this sequence alignment

highlights other conserved residues that may possess

important functions not yet described.

Although not essential for bacterial viability,

MTAN has been the focus of intense efforts for the

design of inhibitors and characterization of MTAN

inhibitory effects on quorum-sensing.16,26–29 These

inhibitors prevent biofilm formation in both E. coli

O157:H7 and V. cholerae N16961.16 This inhibitory

activity correlates with a measurable decrease in

AI-2 production in V. harveyi under the same condi-

tions. In the same study, bacteria cultured in the pres-

ence of a powerful MTAN inhibitor exhibit quorom-

sensing defects after transfer of those bacteria to cul-

ture media lacking that inhibitor, thereby indicating

that the inhibitory effects of MTAN inhibitors are per-

sistent through multiple generations. A recent study

examining mutants of Neisseria meningitidis lacking

functional MTAN or LuxS enzymes showed similar

growth defects. However, it was proposed that those

growth defects were not a consequence of preventing

quorum-sensing, but more likely arose from metabolic

defects in the activated methyl cycle.30

Most of the current MTAN inhibitors are adeno-

sine analogs that are known to inhibit human meth-

ylthioadenosine phosphorylase (MTAP), a homolog of

the bacterial MTANs, and exhibit exceptional Kd

values.27 However, the design work has neglected to

specifically target the bacterial proteins over the

human homolog. The Kd values for a complex of

human MTAP with the extremely tight binding inhibi-

tors developed to date are generally on the same order

of magnitude as the Kd values for a complex of MTAN

with the same inhibitors. In fact, when comparing the

Kd values of 9-deazaadenine Immucillin-A derivatives

for human MTAP versus HpMTAN, the inhibitors all

bind the human protein more strongly than they bind

HpMTAN.27 The two regions of the MTAN active site

that differ from the MTAP active site include: the

ribose binding pocket that both coordinates ribose

and activates the nucleophile that attacks the oxocar-

benium intermediate during catalysis, and the

50-alkylthio binding region that interacts with the

homocysteine moiety of AdoHcy.31 Here, we report our

initial structural studies on the H. pylori-encoded

MTAN that provide the basis for developing new

classes of inhibitors that can leverage the differences

between the HpMTAN enzyme and human MTAP.

Figure 2. Proposed MTAN Enzymatic Mechanism. (A) In

HpMTAN, the side chain of D198 acts as a general-acid by

donating a proton to N7 of the adenine moiety of the

substrate (upper left). The reaction proceeds through the

formation of early and late transition states shown in the

following two steps. In the final step, a water molecule

coordinated by the side chains of E13 and R194 attacks

the oxocarbenium intermediate. (B) Sequence

Requirements of MTAN. The WebLogo was made using a

sequence alignment of MTAN sequences from 50 different

bacterial species. The regions containing conserved

residues are shown. The numbering is based on the

numbering of HpMTAN. As a reference, the residues shown

in panel A to be important for the enzyme mechanism are

boxed. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Results

Description and relation to other MTAN
structures

Structures of bacterial and plant MTAN and its

homologous MTAP enzymes have been solved in

multiple forms that thoroughly detail the interac-

tions between the enzymes and the substrates, prod-

ucts, transition state analogs, and other inhibi-

tors.21–23,26,31–36 Briefly, every MTAN structure

solved to date, including the HpMTAN structure

presented here, shows the enzyme as an obligatory

homodimer. The dimer interface is formed primarily

by a cluster of four helices, two from each monomer,

plus a single loop composed of roughly 20 residues

that interacts directly with residues forming the

active site in the opposing molecule. Although this

shared active site could promote cross talk between

the two active sites of the dimer, no allosteric effects

have been described in any of the previously pub-

lished studies with these enzymes.

Each monomer is shown to possess a mixed aþb
fold with a central b-sheet encased in a surrounding

shell of six a-helices. The monomers of all MTAN

structures have been observed in either of two forms

depending on the ligand-bound state of the enzyme

(Fig. 3). When a ribose-containing compound occu-

pies the ribose binding region of the active site, a

closed form of the enzyme is observed. In this form,

the C-terminal 25 residues of MTAN form a kinked

helix (helix a6) where the short arm of the helix

forms a cap over the active site to sequester the sub-

strate and products from the aqueous environment.

If the ribose binding region of the active site is

empty, the N-terminus of the helix a6 disengages

the active site and the kink relaxes into random coil,

resulting in an open form of the enzyme. This open-

ing of the active site is presumed to promote product

release and allows enzyme cycling.

For the HpMTAN structures, the MTAN protein

crystallized in a P3121 space group with unit cell

parameters a ¼ b ¼ 81.3 Å, c ¼ 135.5 Å, a ¼ b ¼
90�, c ¼ 120� with two molecules per asymmetric

unit (Table I). In this case, each of the two molecules

represents a different form of the enzyme [Fig. 3(A)].

The active site in molecule A represents the closed

form of the enzyme (HpMTAN-TRS), which contains

five bound water molecules and one molecule of

tris[hydroxymethyl]aminomethane (tris) in the active

site. The active site in molecule B represents the

open form of the enzyme and contains bound water

molecules (HpMTAN-HOH) and a single molecule of

ethylene glycol.

Structural changes upon active site closing
When comparing the overall structures of HpMTAN-

HOH and HpMTAN-TRS, the majority of the Ca
atoms have few observed differences. However, the

r.m.s. displacement is an unexpectedly high value of

1.25 Å. This value reflects the fact that 27% of the

observed Ca atoms differ in position by at least 1.3

Å, where the most significant differences between

the open and closed forms in the HpMTAN crystal

structure occur in regions near the enzyme active

site and reflect significant conformational changes

observed in previously published structures of bac-

terial MTANs. The largest structural difference

encompasses residues 198–224. Specifically, residues

Figure 3. Structure of HpMTAN. (A) The dimeric structure

of HpMTAN lacking substrates or products exhibits both

the open and closed forms of the enzyme. The open form

(HpMTAN-HOH in the text) is shown with a gray backbone

ribbon, and the closed form (HpMTAN-TRS in the text) is

shown in green. The blue (helix a6) and violet (helix a1)
regions highlight the protein backbone regions that are

have altered structure when the enzyme switches between

the two forms. The tris molecule in the closed active site

and an ethylene glycol molecule in the open active site are

shown. Violet bonds represent carbon, red represent

oxygen, and blue represent nitrogen. (B) Superposition of

the HOH and TRS molecules. The colors for each molecule

are the same as that shown in panel A. The superposition of

these two molecules clearly exhibits the changes in the

positioning and relative orientation of helices a1 and a6. The
position of the tris molecule (TRS) relative to these helices is

also shown. (C) Active site structure changes in response to

tris binding. The coloring of TRS is the same as described in

Fig 3A. Additionally, bonds from carbon atoms in HpMTAN-

HOH are in white, whereas bonds from carbon atoms from

HpMTAN-TRS are green. Yellow represents bonds from

sulfur atoms. The water molecules from HpMTAN-HOH are

shown as red spheres, whereas those from the HpMTAN-

TRS molecule are light blue spheres. Dashed lines represent

newly formed hydrogen bonds resulting from tris binding and

active site closing. Figures three, five, six, and seven were

made using PyMOL.37
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200–208 of HpMTAN-HOH are disordered in the

open form, but in the closed form of the enzyme,

these residues form a loop that connects strand b11
to helix a6. Within this loop, residues 200–203 form

a type II b-turn, whereas residues 204–208 extend

helix a6 by five residues. The positional differences

in the residues flanking the 200–208 region exem-

plify the magnitude of the conformational change

within helix a6 [Fig. 3(B)]. Specifically, the position

of the N199 Ca atom differs by 2.9 Å as a result of

active site closing, whereas the position of the Ca
atom of D209 changes by 5.5 Å.

The other significant conformational change

occurs in the first helix that encompasses residues

10–21 [Fig. 3(C)]. Within this secondary structural

element, a single-turn 310-helix, formed by residues

11–14, immediately precedes a-helix a1 in the open

form of the enzyme. In transitioning to the closed form

of the enzyme, however, the hydrogen bond between

the backbone carbonyl of R11 and the backbone amide

of I14 breaks, and a new bond is formed between the

backbone carbonyl of R11 and the backbone amide of

T15, thereby adding an additional turn to the N-termi-

nus of helix a1. The primary consequence of this struc-

tural change is the movement of residue E13. The Cd
atom of E13 is shifted 6.7 Å toward the enzyme active

site, which results in the formation of a through-water

hydrogen bonded network between the side chains of

E13 and R194. The water molecule in this newly

formed network is the nucleophilic water molecule used

to attack the oxocarbenium intermediate during cataly-

sis. Other consequences of the structural changes near

E13 will be discussed later.

As HpMTAN readily binds tris in the ribose

binding pocket, enzymatic assays were designed to

quantify the inhibition of HpMTAN by tris. Steady

state kinetic experiments were performed by moni-

toring the loss of signal at 274 nm as a result of

N-glycosidic cleavage of MTA. For MTA hydrolysis

reactions lacking tris, the KM and kcat values were

determined to be 44.9 lM 6 12.95 and 4.92 sec�1 6
0.61, respectively. These values were then applied to

the results from the reactions performed using dif-

ferent concentrations of tris to determine the Ki

value. These data show that tris is a weak inhibitor

of the HpMTAN with a Ki of 25.24 mM (Fig. 4).

Table I. X-ray Diffraction and Refinement Statistics

MTAN MTAN-FMA MTAN-ADE-TRS

Resolution range (Å) (highest shell) 50.00–1.70 (1.74–1.70) 50.00–1.80 (1.85–1.80) 50.00–1.60 (1.66–1.60)
Space group P3121 P3121 P3221
a, b (Å) 81.3 81.7 81.4
c (Å) 135.5 134.5 67.6
Total reflections (unique reflections) 813,325 (57,817) 236,192 (47,622) 377,229 (33,924)
Completeness (%) 100.0 (100.0) 97.3 (96.3) 98.7 (97.7)
Redundancy 14.1 5.0 11.1
Average I/r(I) 9.3 10.0 11.5
Rsym (%) (highest shell) 7.1 (36.7) 6.1 (36.1) 5.0 (38.7)
Atoms/A.S.U. 3,872 3,871 1,983
Rwork (%) 17.00 17.06 14.14
Rfree (%) 19.53 20.74 17.07
Average B-factor protein (Å2) 19.47 18.02 21.29
Average B-factor ligand (Å2) 25.12 14.19 16.95
Average B-factor solvent (Å2) 28.60 29.91 33.31
Ligand occupancy (%) 92 100 100
r.m.s.d. bonds (Å) 0.006 0.006 0.005
r.m.s.d. angles (�) 1.005 1.017 0.945
Ramachandran favored (%) 97.1 96.5 96.6
Ramachandran disallowed (%) 0.0 0.0 0.0
Coordinate Error (Å) 0.18 0.19 0.17

Rsym ¼ R|Ii � hIii|/R|Ii|
Rwork ¼ R||Fobs| � |Fcalc||/R|Fobs|
Rfree is the same as Rwork, but calculate using 5.0% of randomly chosen reflections.

Figure 4. Tris is a weak inhibitor of HpMTAN. Results from

steady state kinetic experiments using varying

concentrations of tris are shown as compared to reactions

performed lacking tris. VO
0, initial velocity of reactions

containing tris; VO, initial velocity of the uninhibited reaction.
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Complex structure of HpMTAN with Formycin A
To confirm that the structural differences observed

in helix a1 of HpMTAN-TRS are not structural arti-

facts of binding tris, we determined the crystal

structure of a complex with the known nonhydrolys-

able transition state analog, Formycin A (FMA). Coc-

rystals produced using a complex of HpMTAN and

FMA were isomorphous with the HpMTAN struc-

ture. In contrast to the HpMTAN structure, both

molecules in the asymmetric unit of the HpMTAN-

FMA cocrystal structure are in the closed confor-

mation with one molecule of FMA and the nucleo-

philic water in both active sites of the homodimer

[Fig. 5(A)]. This is consistent with the cocrystal struc-

ture of the S. aureus MTAN-FMA complex (SaMTAN-

FMA) where the lone MTAN molecule in the asym-

metric unit was observed in the closed form.34 In

the SaMTAN-FMA case, the dyad axis relating the

two molecules of the homodimer is coaxial with a

crystallographic twofold axis of symmetry.

Although the two molecules of the HpMTAN-

FMA structure are not related by crystallographic

symmetry, the r.m.s. displacement of the Ca posi-

tions of the two HpMTAN-FMA molecules is only

0.17 Å. Additionally, as both protein molecules in

HpMTAN-FMA are in the closed conformation, they

very closely resemble the HpMTAN-TRS structure.

The r.m.s. displacement values comparing HpMTAN-

TRS to molecules A and B of HpMTAN-FMA are

0.22 Å and 0.21 Å, respectively, thereby indicating

that the closed form observed in the HpMTAN-TRS

molecule accurately represents the substrate bound

form of HpMTAN [Fig. 5(B)].

As expected for the FMA-bound structure, the

nucleophilic water molecule forms a hydrogen

bonded network with residues E13 and R194, as

well as the O30 oxygen of FMA with hydrogen bond-

ing distances of 2.5, 3.2, and 2.9 Å, respectively.

When compared to the HpMTAN-FMA structure,

one of the active site water molecules in the

HpMTAN-HOH structure is bound near to the nucle-

ophilic water molecule observed in the HpMTAN-

FMA structure. Similar to that seen for the EcM-

TAN-GOL and EcMTAN-ADE structures, this water

molecule forms hydrogen bonds of length 3.0 and 2.6 Å

with the backbone amide and carbonyl moieties of

V78, respectively [Fig. 5(C)]. As this water is only

2.1 Å from the position of the nucleophilic water

observed in the HpMTAN-FMA structure, it may

represent a temporary water-docking site to ensure

that a water molecule remains in the active site to pro-

mote the second step of the enzymatic reaction following

the conformational change to the closed form.21

Comparison of HpMTAN-TRS and an

HpMTAN-adenine-tris ternary complex

To gain additional specific information that describes

interaction space between HpMTAN and various

ligands, we incubated HpMTAN with AdoHcy and

used this sample to cocrystallize the complex of

HpMTAN with its reaction products, adenine and

S-ribosylhomocysteine. Crystallization experiments

produced crystals with the same morphology as the

previous two HpMTAN structures. However, diffrac-

tion experiments indicated a change in both space

Figure 5. Structural comparison of the HpMTAN-FMA complex with HpMTAN. (A) The HpMTAN-TRS structure accurately

represents the closed form of the enzyme. Components of the HpMTAN-TRS are colored as they are in Figure 3. Bonds to

and from carbon in the FMA protein are gold, whereas the carbons in the FMA molecule are colored white. The nucleophilic

water (Nuc�) and a tris hydroxyl group occupy nearly the same region of the active site. (B) and (C) Differences in ordered

water molecules in the HpMTAN-FMA and HpMTAN-HOH structures. Note that the orientation of the structure in panel A is

rotated 180� around the Y-axis when compared to panels B and C. (B) The FMA molecule and the nucleophilic water

molecule form an extensive hydrogen bonding network. Black-dashed lines represent hydrogen bonds. The yellow dashed

lines indicate potential hydrogen bonds between the nucleophilic water and backbone atoms of V78. However, distances

between the backbone amide and carbonyl to the nucleophilic water are 3.6 and 3.7 Å, respectively. Additionally, the

geometry of these two potential interactions is not commonly seen in hydrogen bonds. (C) The ordered water molecules (red

spheres) within the HpMTAN-HOH active site fill the empty adenine binding and ribose binding pockets. The hydrogen bonds

between the backbone atoms of V78 and the only water positioned near the nucleophilic water binding site indicate a

possible docking site for the nucleophilic water molecule. When the substrate binds and E13 and R194 swing into the active

site as observed in the HpMTAN-FMA stucture in Fig. 3B, those residues likely encounter this water in this docking site and

reposition it. For all hydrogen bond distances shown in both (B) and (C), the units are angstroms.
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group and unit cell parameters. Specifically, the

hand of the threefold screw changed and the length

of this axis was cut in half, indicating only one

MTAN molecule per asymmetric unit. Comparison of

the HpMTAN structures shows that crystal packing

is identical for all three (Supporting Information

Figure S1). Therefore, the change in space group

and unit cell size stems from the fact that the two

molecules of the homodimer now have identical

structure and can be related to each other by crys-

tallographic symmetry. In this structure, the two

molecules of the homodimer are related by a crystal-

lographic twofold axis of symmetry, similar to that

seen in the native EcMTAN and FMA-bound SaM-

TAN structures.21,34

It was anticipated that the resulting difference

maps would show HpMTAN in the closed form with

both S-ribosylhomocysteine and adenine in the

active site. Indeed, the difference maps calculated

following molecular replacement showed MTAN in

the closed form and that it possessed two discrete

regions of strong density within the enzyme active

site. We identified one region of density as the ade-

nine product from hydrolysis of AdoHcy, whereas

the second region of density was identified as a tris

molecule rather than the expected S-ribosylhomocys-

teine. Although this was not completely unexpected

considering the 20-fold higher concentration of tris

versus S-ribosylhomocysteine, it was anticipated

that the affinity of the enzyme active site for S-ribo-

sylhomocysteine would promote complexation even

in the presence of tris. The ternary complex of

HpMTAN, adenine, and tris will be referred to as

the HpMTAN-ADE-TRS form.

The refined HpMTAN-ADE-TRS model is very

similar in backbone structure to the HpMTAN-FMA

and HpMTAN-TRS models. When comparing the

HpMTAN-ADE-TRS and one of the HpMTAN-FMA

molecules, an R.M.S. displacement of 0.24 Å was cal-

culated when using all Ca atoms. The three resi-

dues, E13, E175, and R194, responsible for creating

the hydrogen bonded network with the nucleophilic

water and ribose in the HpMTAN-FMA structure, or

binding tris in the HpMTAN-TRS and HpMTAN-

ADE-TRS structures, are in identical positions in all

three structures. The presence of a purine in the

active site of the HpMTAN-ADE-TRS structure,

however, promotes slight differences in the purine

binding pocket of the active site when compared to

the HpMTAN-TRS structure. Both D198, the general

acid responsible for initiating the reaction, and

F153, which interacts with adenine through p–p
interactions, shift slightly from their positions in the

HpMTAN-TRS structure to accommodate the aro-

matic system. This reflects similar features observed

in the EcMTAN complex with adenine and methyl-

thioribose indicating that the HpMTAN-ADE-TRS

structure accurately represents the structure of the

product-bound form of HpMTAN.

Discussion
Here, we report crystal structures of HpMTAN that

represent three different stages of the catalytic reac-

tion pathway. The HpMTAN structure depicts the

protein in two different forms. The HpMTAN-HOH

form shows the enzyme in the open conformation

with an active site containing structured water and

a single ethylene glycol molecule. The second form,

HpMTAN-TRS, shows the enzyme in a closed form

where tris is bound in the ribose binding pocket of

the enzyme active site. The presence of two forms in

the same crystal contrasts with what has been seen

for other bacterial MTAN crystal structures, where

both proteins forming the MTAN homodimer possess

the same form. In all prior bacterial structures, one

of two situations occurs. In one situation, one mole-

cule of MTAN is present in the asymmetric unit and

that molecule is related by crystallographic symme-

try to the second molecule of the dimer. In the sec-

ond situation, there is a dimer in the asymmetric

unit where both molecules are in either the closed or

the open form. The HpMTAN structure described

here shows unambiguously that the two molecules of

the MTAN homodimer can take different conforma-

tions and that each molecule of the MTAN dimer

can act independently of the other molecule.

Comparison of the open and closed forms high-

lights conformational changes between HpMTAN-

HOH and HpMTAN-TRS that promote substrate

binding within the active site and subsequent N-gly-

cosidic bond hydrolysis. The two most significant

changes occur in helix a1 and helix a6, both of which

form essential components of the enzyme active site.

The conformational change in helix a1 is different

from that seen in other structurally characterized

MTANs. In the previously published bacterial

MTAN structures where the enzyme is in the closed

form, the first turn of helix a1 does not possess a

hydrogen bonded network consistent with an a-he-
lix.16,21,22,26,34 It is known from the structures of

both the open and closed forms of EcMTAN that

upon substrate binding, the third and fourth back-

bone hydrogen bonds within helix a1 are broken.22,26

This produces a significant kink between the first

and second turns of helix a1 that results in the posi-

tioning of E12 (E13 in HpMTAN) within the active

site and forms a hydrogen bond between E12 and

the nucleophilic water in the active site.

The conformational change that occurs in helix

a1 of HpMTAN differs slightly in that the first turn

of helix 1 transitions from a 310-helix to an a-helix
upon substrate binding and closing of the active site.

The most likely reason for this difference between

HpMTAN and other MTANs appears to stem from
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structural restraints imposed by a proline residue at

position 16 of HpMTAN. This proline is present in a

very small subset of known MTAN protein sequences

that, in addition to H. pylori, include MTANs

encoded by other closely related Campylobacterales

as well as Francisella tularensis. In all of the previ-

ous MTAN structures, this proline is either lacking

or replaced by a leucine or isoleucine residue. As the

proline is in the second of three turns in helix a1,
the hydrogen bonding between the first and second

turns is not typical. The backbone carbonyl of E12,

which would typically be hydrogen bonded with the

amide proton at position 16, does not have a hydro-

gen bonded partner, whereas the backbone carbonyls

of R11 and E13 are hydrogen bonding with backbone

amides of I14 and I17, respectively. Therefore, P16

is central to the transition from a 310 conformation

in the first turn of the helix to the a helical confor-

mation in the last two turns.

The other important conformational change dur-

ing active site closing involves residues 198–208.

These residues form the loop immediately preceding

helix a6 and the first five residues of that helix.

This conformational change fixes the 200–208 region

of HpMTAN, which is disordered in the HpMTAN-

HOH molecule, producing two essential structural

effects that directly affect catalysis. First, the posi-

tion of the general acid, D198, required to initiate

the enzymatic reaction becomes fixed in position to

form hydrogen bonding interactions with N7 and N6

of the substrate’s adenine moiety and can now

donate a proton to N7. Second, the N-terminus of he-

lix a6 forms a cap over the substrate binding site

that sequesters the active site from the environ-

ment. These structural details highlight the changes

required for substrate binding and enzymatic activ-

ity that have been for the most part previously

described.22,26 However, the interactions between

MTAN and the substrates required to promote the

conformational change have not.

Ligand requirements for promoting the

MTAN conformational change

The HpMTAN-FMA crystal structure, in combina-

tion with the information from the HpMTAN struc-

ture, highlights interactions between residues of the

active site and ligands that stabilize the closed form

of the enzyme. To better understand those interac-

tions, a careful analysis and comparison of the open

and closed forms from all molecules of the HpMTAN

and HpMTAN-FMA active sites was performed. It is

apparent from this comparison that two different

criteria must be met to promote the transition from

the open to the closed form. First, the bound sub-

strate must be capable of bridging the conserved

E175 and R194 residues. This can be assumed to

occur first, primarily because the position of E175

does not differ in any of the determined structures

and only the terminal guanidinium group in the

R194 side chain changes position upon substrate

binding. This forms the hydrogen bonded network

between these two residues and the bound ligand.

The second requirement for promoting and sta-

bilizing the conformational change relates to the

uncoiling of the 310-helix formed by residues 11–14

and the ordering of the residues 198–208 near the

N-terminus of helix a6. These changes appear to

result from repulsion between the bound substrate

and the side chain of A9. Following substrate bind-

ing, the loop containing A9, located between strand

b1 and helix a1, is pushed away from the active site

and drags M10 away from helix a6 (Fig. 6). This

repositioning of residue M10 relaxes the 310-helix at

the beginning of helix 1 and forces E13 into the

space vacated by the atoms forming the peptide

bond between A9 and M10, resulting in the forma-

tion of two new hydrogen bonds with the side chain

of E13. One of these is formed to the amide proton

of V78, whereas the other is to the ligand bound

within the active site. The movement of residues

M10 and E13 also allows helix a6 to move closer to

the active site, which leads to ordering of the 198–

208 region of HpMTAN.

The nature of the bonding interaction between

E13 and the bound ligand depends on the identity of

the bound ligand within the enzyme active site. In

the HpMTAN-FMA structure, E13 and R194 interact

through the nucleophilic water, which is positioned

and likely activated by the side chains of E13 and

E175 as shown in Figure 7(A) and observed in previ-

ous structures containing FMA or other transition

state analogs.16,21,22,26,34,36 In the HpMTAN-TRS

Figure 6. Intermolecular repulsive forces initiate the

conformational change. The active sites of the HpMTAN-

HOH and HpMTAN-TRS are shown in gray and green,

respectively. Carbon atoms match the coloring of the

respective backbone. The carbons of the tris molecule are

purple. In all molecules, sulfur is yellow, nitrogen is blue,

and oxygen is red. The curved arrows represent the relative

motion of residues A9 and E13 as a consequence of tris

binding. The black dots represent hydrogen bonds that

help stabilize the closed form.
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form, however, the O3 atom of tris interacts directly

with E13 and R194, resulting in the displacement of

the catalytic water molecule. Indeed, the closest water

molecule to O3 of the tris molecule is 5.9 Å away.

In contrast to the ability of tris to promote clos-

ing of the enzyme active site, the previously deter-

mined EcMTAN crystal structure shows that glycerol,

isopropanol, and 3,6,9,12,15,18,21,24-octaoxahexaco-

san-1-ol are all insufficient to promote this conforma-

tional change.21 In the EcMTAN structure, the glyc-

erol molecule interacts with E174 in a manner

analogous to how tris interacts with E175 in the

HpMTAN structure. However, glycerol lacks the

bulk of tris and cannot interact with E12, E174, and

R193 of EcMTAN simultaneously and so cannot pro-

mote stable hydrogen bonding interactions between

residues E174 and R193 of EcMTAN. In the

HpMTAN-TRS structure, the tris molecule readily

interacts with all three residues, forming the neces-

sary hydrogen bonding interactions to stabilize the

closed form of the enzyme. This suggests that any

molecule that can bridge E13, E175, and R194 in

HpMTAN, or the analogous residues of any MTAN,

would also suffice to stabilize the closed form.

Of further interest is the orientation of the

bound tris molecule. The density representing tris in

the difference maps in both structures is of suffi-

ciently high quality that it is possible to differentiate

the three hydroxymethyl groups from the single

amine moiety. Upon close inspection of the difference

maps for these two structures, it is clear that tris

binds differently [Fig. 7(B,D)]. Although it is not

clear why tris binds in different orientations, the inter-

actions promoting binding of tris in the HpMTAN-

ADE-TRS structure are straightforward to rationalize.

In this structure, steric hindrance is likely the pre-

dominant factor in defining tris orientation. The three

comparatively bulky hydroxymethyl substituents point

away from adenine, which directs the less bulky

amine moiety toward adenine. Additionally, this amine

also forms a hydrogen bond with the backbone car-

bonyl of V78 placing it approximately in the same

Figure 7. The MTAN active site can accommodate a variety of hydrogen bonding patterns. Each of the three enzymes in the

closed conformation clearly exhibit the orientation of the bound compounds in Fo–Fc omit maps contoured at 3r. (A) Fo–Fc
omit map of the FMA bound structure reflects characteristics seen in previous MTAN-FMA complexes. Both FMA and the

nucleophilic water molecule (Nuc�) were omitted during map calculation. (B) The HpMTAN-TRS structure in the same

orientation as (A) exhibits the Fo-Fc omit map where the tris molecule and four ordered water molecules within the adenine

binding site were omitted from the map calculation. Note that the orientation of tris is such that the amine moiety is clearly

pointed upward roughly along the Y-axis. (C) and (D) show the active site of the HpMTAN-ADE-TRS structure in two different

orientations. Panel (D) is in the same orientation as (A) and (B) and shows the clear density for the three hydroxymethyl

moieties. The orientation of tris in the active site is different from that observed in panel (B). Panel (C) is rotated roughly 90

degrees along the Y-axis to more clearly show the density for the amine moiety of tris. The Fo � Fc omit map was calculated

while omitting both the tris and adenine molecules. (E) Stereo diagram of the HpMTAN-ADE-TRS active site showing the

hydrogen bonding network with conserved residues of the active site. Dashed lines indicate the hydrogen bonds and

distances between donors and acceptors are shown in angstroms.
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position that would be occupied by the positively

charged C1 atom of the oxocarbenium intermediate

formed during the enzymatic reaction.

In contrast, the HpMTAN-TRS structure exhib-

its a tris molecule where the amine moiety and one

of the hydroxymethyl groups swap positions [Fig.

7(B,D)]. The atoms, O1 and N of tris, do not appear

to be forming hydrogen bonds with any components

of the enzyme active site, but O1 does form a 3.0 Å

hydrogen bond to an ordered water molecule in the

adenine binding pocket. Although this is 0.2 Å

shorter than the length of the hydrogen bond formed

between O1 and the side chain of M10 in the

HpMTAN-ADE-TRS structure, this seems unlikely

to compensate for the loss of the short hydrogen

bond between the amine of tris and the carbonyl of

V78 in the HpMTAN-ADE-TRS structure. Although

more studies would be required to understand the

orientation preference of ligands within the

HpMTAN active site, a present benefit of the varia-

tion in tris binding is that it offers additional infor-

mation regarding the breadth of interaction space

for the enzyme active site and various small mole-

cule ligands. Indeed, as the tris molecule bound

within HpMTAN-ADE-TRS active site forms six spe-

cific hydrogen bonding interactions within the active

site versus the three hydrogen bonds formed to

FMA, this information can be used to design scaf-

folds for building libraries of new classes of inhibi-

tors that maximized the number of specific interac-

tions between the inhibitor and the residues forming

the ribose binding site [Fig. 7(E)]. Additionally, the

tris scaffold could be amended to include chemical

moieties to attempt to differentiate binding between

bacterial MTANs and human MTAP.

The primary differences between the active sites

of these two enzymes are found in the nucleophile

binding site and the 50-alkylthiol binding pocket.31

In bacterial MTANs, the 50-alkylthiol binding pocket

must be able to accommodate the homocysteine

moiety of the AdoHcy. However, human MTAP uses

only MTA as a substrate, so the 50-alkylthiol binding
pocket is shorter and has less volume when com-

pared to that of the bacterial MTANs. Additionally,

the MTAP nucleophile binding site must accommo-

date inorganic phosphate versus a water molecule

for the MTANs. The MTAP site is formed by one

arginine residue, one histidine residue, three threo-

nine residues, and two backbone amides. Together,

these form a pocket that has a slightly positive elec-

trostatic potential. In contrast, the MTAN nucleo-

phile binding pocket is formed by two glutamate res-

idues, a backbone carbonyl, and an arginine residue,

which together imparts a negative electrostatic

potential. Although the affinity of tris alone has a

Kd of �45 mM, it may be possible to assemble a tris-

based inhibitor with a positively charged moiety and

moderate bulk to interact strongly with the nucleo-

phile binding site of the bacterial MTANs but pro-

mote charge repulsion with an empty MTAP nucleo-

phile binding site. If the MTAP nucleophile binding

site is filled with inorganic phosphate, the positively

charged inhibitor could interact with the negatively

charged phosphate, but any added bulk would likely

hinder proper interactions between the inhibitor and

regions of the protein forming the adenine and

ribose binding sites and thereby prevent closure of

the active site and weaken an inhibitor–MTAP com-

plex. Addition of an adenine moiety or analog would

further strengthen binding of such an inhibitor to

MTAN. Recently, Edwards et al. have shown that

human purine nucleoside phosphorylase, a homolog of

both MTAN and MTAP, forms a complex with a tris-

based Immucillin that has a Kd of 620 pM.38 Using

this as a lead compound, structure-based design

should lead to a chemical derivative that would prefer-

entially bind bacterial MTANs over human MTAP and

the human purine nucleoside phosphorylase.

For researchers attempting to develop therapies

for bacterial infections, inhibiting quorum-sensing is

an intriguing target that may limit the development

of drug resistant bacterial strains, as the drugs

would not kill the bacteria directly. Instead, by pre-

venting the production of virulence factors, the host

immune system may then be capable of clearing the

infection rather than relying on the killing of the

bacteria by the administered drug.15,16 The struc-

tural information presented here can be used in con-

junction with grow/link and fragment-based design

methodologies to create compounds that promote

closing of the enzyme active site and stabilize this

form to prevent enzyme turnover while also displac-

ing the nucleophilic water molecule necessary for ca-

talysis. The differences observed in the HpMTAN-

ADE-TRS and HpMTAN structures are particularly

important in this respect. Leveraging the informa-

tion from the HpMTAN-ADE-TRS structure will

allow researchers to shift from the use of adenosine-

analogs as inhibitors toward compounds that will

increase specificity toward MTAN by promoting dif-

ferential binding between it and human MTAP. This

bodes well for the development of potential treat-

ments for H. pylori and other bacterial pathogens

such as pathogenic E. coli, Neisseria meningitidis,

Klebsiella pneumoniae, Salmonella typhimurium,

S. aureus, Streptococcus pneumoniae, and V. cholerae,

where MTAN plays an important role in bacterial

metabolism and especially those where quorum-

sensing plays an important role in pathogenesis.

Materials and Methods

Cloning of the pfs gene and expression

of MTAN protein

The pfs gene encoding MTAN was PCR amplified

from Helicobactor pylori strain J99 (ATCC) using

primers 50-CACCATGGGGCAAAAAATTGGCATTTT
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AGGGGC-30 and 50-CCGGATCCCTAAAGCTCATCC

ACCATGCTTT-30, digested with NcoI and BamHI

(recognition sequences are underlined) and ligated

into a derivative of pET32 (EMD Biosciences). The

resulting plasmid was sequenced (U of Michigan

Sequencing Core Facility) and then used to trans-

form T7 Express competent cells (New England

BioLabs) harboring the pRARE2 plasmid (EMD Bio-

sciences). The transformants were cultured in LB

broth containing 100 lg/mL ampicillin and 32 lg/mL

chloramphenicol and incubated at 37�C until reach-

ing an O.D.600 nm of 0.6–0.7. The incubator tempera-

ture was then decreased to 20�C, and MTAN expres-

sion was induced by adding isopropyl thiogalactoside

to the culture at a final concentration of 1 mM. The

induced culture was incubated for 16 h. Bacteria

were harvested by centifugation and resuspended in

metal chelation binding buffer (20 mM sodium phos-

phate pH 7.5, 0.5 M sodium chloride, 25 mM imidaz-

ole, 5 mM b-mercaptoethanol) and stored at �70�C
until needed for protein purification.

MTAN purification
All subsequent purification steps were performed at

4�C. Thawed cells were lysed using lysozyme and

sonication followed by treatment with DNase I. The

lysate was clarified using centrifugation at 11,000 g

and 4�C for 20 min. The supernatant was filtered

using a 0.2 lM syringe filter and loaded onto a 5 mL

HisTrapTM FF column (GE Healthcare) pre-equili-

brated with metal chelation binding buffer. Follow-

ing protein loading, the column was washed with 10

column volumes of metal chelation binding buffer

and the remaining bound protein was eluted with a

linear imidazole concentration gradient from 25 to

250 mM over 20 column volumes. Measuring absorb-

ance at 280 nm allowed monitoring of protein elu-

tion. The eluted MTAN protein was pooled and

recombinant rhinovirus 3C protease was added to

cleave the affinity tag as the sample was dialyzed

for �16 h against metal chelation binding buffer.

The cleaved protein was again loaded onto a 5 mL

HisTrapTM FF column to remove the affinity tag and

the recombinant protease. The flow-through frac-

tions containing MTAN were pooled and precipitated

by adding solid ammonium sulfate to a final concen-

tration of 2.4 M. The sample was centrifuged at

11,000 g and 4�C for 20 min. The resulting pellet was

dissolved with size exclusion buffer that contained 20

mM sodium phosphate pH 7.5, 0.3 M sodium chlo-

ride, and 5 mM b-mercaptoethanol. MTAN was then

separated from any remaining impurities using a

HiLoadTM Superdex 200 size exclusion column that

had been equilibrated with the size exclusion buffer.

Fractions containing purified MTAN were pooled and

dialyzed against crystallization buffer containing 20

mM Tris pH 8.5, 0.2 mM TCEP, and 1 mM EDTA. The

MTAN concentration was determined by measuring the

absorbance at 280 nm and using 3105 cm�1 M�1 as the

extinction coefficient. MTANwas then concentrated using

ultrafiltration to a final concentration of 16mg/mL.

Enzyme kinetic experiments
The enzymatic assays to measure the HpMTAN

kinetic parameters were performed at 37�C in a

100 mM HEPES and 50 mM KCl solution (pH 7.5).

All reactions monitored the reduction of MTA con-

centration by measuring absorbance at 274 nm (De ¼
1.6 mM�1 cm�1) using a Biotek Synergy H4 plate

reader (Winooski, VT, USA). Concentrations of MTA

were varied from 10 to 125 lM. The inhibition assays

were performed under the same environmental condi-

tions using 25 lM MTA as substrate and varying tris

concentrations between 0 and 250 mM. All reactions

used an HpMTAN concentration of 25 nM.

Crystallization, structure determination,

and refinement
Crystals of MTAN were produced using the hanging

drop vapor diffusion method. Mixing 2 lL of MTAN

protein solution with 2 lL of a well solution contain-

ing 0.1 M Tris pH 8.5 and 16% w/v polyethylenegly-

col 8000 produced rod shaped crystals after 1 day of

incubation at 18�C. For the cocrystal structures,

crystallization experiments were the same as for the

MTAN form with the exception of adding either

FMA (Berry and Associates, Dexter, MI) or AdoHcy

to a final concentration of 5 mM. Crystals were cryo-

protected by adding ethylene glycol to the crystalli-

zation drop to a final concentration of 20% v/v and

flash cooled to 95 K in a liquid nitrogen stream.

X-ray diffraction data were collected at the LS-CAT

ID-D beamline at the Advanced Photon Source

(Argonne National Labs, Argonne, IL), using X-rays

at 11.5 keV. Data were integrated and scaled using

HKL2000. Diffraction data are shown in Table I.

The HpMTAN and FMA-bound crystals grew in

the P3121 space group with unit cell parameters of

a ¼ b ¼ 81.5 Å 6 0.2, c ¼ 135.5 Å 6 0.5, a ¼ b ¼
90�, c ¼ 120� with two molecules of MTAN in

the asymmetric unit. Molecular replacement used

the HpMTAN-FMA complex diffraction data and the

SaMTAN-FMA crystal structure (accession 3BL6) as

the search model in Phaser.39 As the HpMTAN and

HpMTAN-FMA complex structures are isomorphous,

the partially refined MTAN-FMAmodel was used as the

basis to begin refinement of theHpMTAN structure.

Although they appeared identical to the

HpMTAN and FMA cocrystals, the HpMTAN-ADE-

TRS crystals grew in a P3221 space group with unit

cell parameters a ¼ b ¼ 81.4 Å, c ¼ 67.6 Å, a ¼ b ¼
90�, c ¼ 120� and one molecule per asymmetric unit.

A monomer from the HpMTAN-FMA structure was

used as the molecular replacement search model for

solving the HpMTAN-ADE-TRS complex. All three

HpMTAN structures were initially refined using
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CNS 1.240 and manually refined in Coot.41 Five per-

cent of each data set was set aside for cross-valida-

tion. To remove model bias, the initial molecular dy-

namics step included simulated annealing with a

starting temperature of 5000 K for all three of the

HpMTAN structures. Waters were added using CNS

1.2. The final refinement steps were performed

using PHENIX 1.6.42

Accession numbers
The coordinates and structure factors for the

HpMTAN, HpMTAN-FMA, and HpMTAN-ADE-TRS

structures have been deposited in the Protein Data

Bank with accession numbers 3NM4, 3NM5, and

3NM6, respectively. Coordinates used for molecular

replacement were from PDB accession 3BL6.
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