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Transition state analogue inhibitor design (TSID) and fragment-based drug design (FBDD) 

are drug design approaches typically used independently. Methylthio-DADMe-Immucillin-A 

(MTDIA) is a tight-binding transition state analogue of bacterial 5′-methylthioadenosine 

nucleosidases (MTANs). Previously, Salmonella enterica MTAN structures were found to bind 

MTDIA and ethylene glycol fragments, but MTDIA modified to contain similar fragments did not 

enhance affinity. Seventy-five published MTAN structures were analyzed, and co-crystallization 

fragments were found that might enhance the binding of MTDIA to other bacterial MTANs 

through contacts external to MTDIA binding. The fragment-modified MTDIAs were tested with 

Helicobacter pylori MTAN and Staphylococcus aureus MTANs (HpMTAN and SaMTAN) as 

test cases to explore inhibitor optimization by potential contacts beyond the transition state 

contacts. Replacement of a methyl group with a 2′-ethoxyethanol group in MTDIA improved 

the dissociation constant 14-fold (0.09 nM vs 1.25 nM) for HpMTAN and 81-fold for SaMTAN 

(0.096 nM vs 7.8 nM). TSID combined with FBDD can be useful in enhancing already powerful 

inhibitors.

Stable analogues resembling the transition state are often tight-binding inhibitors and 

therefore are attractive as drug prospects. Design of these analogues requires the elucidation 

of transition state information, often using kinetic isotope effects and computational 

chemistry. (1–5) Inhibitor design based on a transition state structure is called transition 

state analogue inhibitor design (TSID) (Figure 1A). (5–8) Transition state analogues are 

designed by replicating the geometry and electrostatic potential of the reactants at the 

transition state as mimics of the normal substrate or substrates of the physiological reaction. 

We considered the use of structure-based enhancement for complexes of the target enzyme 

and the initial transition state analogue family. Using this approach, it has been possible to 

identify structurally favorable sites to enhance binding of the original analogues.

The concept of fragment-based drug discovery (FBDD) was introduced decades ago 

and is now well developed in the discovery of lead compounds. (9–12) FBDD screens 

provide structure–activity relationship (SAR) information for small fragments, usually 

having low binding affinities. Potent inhibitors are designed by integrating multiple active 

fragments, producing enhanced affinity (Figure 1B). (11–13) Often, several iterative cycles 

of optimization are required to achieve tighter binding.

Bacterial 5′-methylthioadenosine/S-adenosylhomocysteine nucleosidases (MTANs) 

hydrolyze 5′-methylthioadenosine (MTA), S-adenosylhomocysteine (SAH), and 5′-
deoxyadenosine to produce adenine and the respective ribose derivatives. MTAN plays 

important roles in bacterial quorum sensing, adenine recycling, polyamine synthesis, and 

the methionine cycle. (14–16) Recently, this enzyme was also discovered to be essential 

for menaquinone synthesis in Helicobacter pylori, where aminofutalosine is hydrolyzed to 

produce dehypoxanthinyl-futalosine and adenine. (17) Consequently, inhibiting H. pylori 
MTAN (HpMTAN) prevents bacterial growth in vitro. (17) The transition state of HpMTAN 

has been reported to be a neutral adenine leaving group and a ribose cation, with the 

N-glycosidic bond extended to nearly 3 Å. (18,19) An original transition state analogue of 

HpMTAN was methylthio-DADMe-Immucillin-A (MTDIA) (Figure S1). This compound 

mimics the MTA substrate at the transition state and has a nanomolar to picomolar affinity 
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for MTANs isolated from various bacterial species. (6,19) A chemical library based on 

MTDIA has been synthesized. (6) When assayed against HpMTAN, some compounds from 

this library demonstrated affinities equivalent to or better than that of MTDIA. (20,21) 

MTAN is not an essential enzyme for Staphylococcus aureus, but it is involved in the 

pathway of quorum sensing, linked to biofilm production, a major virulence factor of S. 
aureus. The deletion of MTAN led to a decreased level of biofilm formation of S. aureus in 

vitro and reduced pathogenicity of S. aureus in mouse and zebrafish models, (22) suggesting 

SaMTAN is a potential target for S. aureus infection. SaMTAN has been suggested to have 

a transition state structure similar to that of HpMTAN. (19) Consistently, MTDIA also binds 

to SaMTAN with a picomolar affinity. (19)

Here we use X-ray crystallography to explore the interactions of low-molecular weight 

compounds that might improve the potency of MTDIA in MTANs other than that from 

Salmonella enterica. (23) We reviewed 75 crystal structures of MTANs deposited in the 

Protein Data Bank (Table S1). Like S. enterica, crystal structures of several bacterial 

MTANs were found to contain small chemical fragments originating from the crystallization 

medium. These include acetate, glycine, ethanediol, isopropanol, glycerol, triethylene 

glycol (PEG3, C6H14O4), tetraethylene glycol (PEG4, C8H18O5), and di(hydroxyethyl)ether 

(PEG2.5, C5H12O3) (Table S1). Fragment-modified MTDIAs do not improve the binding of 

transition state analogues to the S. enterica MTAN; (23) thus, we wanted to determine if 

the fragment-modified MTDIAs improved the binding of analogues to other MTANs, using 

HpMTAN and SaMTAN to exemplify the approach.

The amino acid sequence of HpMTAN is >70% similar to those of both Escherichia coli 
and S. enterica MTANs (EcMTAN and SeMTAN, respectively). In structural alignment, 

MTDIA-bound HpMTAN has a root-mean-square deviation (RMSD) of <1 Å from 

EcMTAN and SeMTAN. (21,23,24) Seven of the available structures are MTAN–MTDIA 

complexes, and the MTDIA moieties overlap closely with an RMSD of <0.1 Å. Testing 

of small related fragments, incorporated into MTDIA, provided ligands to be tested in 

fragment-based drug design (FBDD) against additional MTANs.

The conformation of bacterial MTANs is well conserved across all available crystal 

structures, especially with respect to the active sites. (23–26) The active site of MTAN 

includes an adenine binding site, a ribose binding site, and the 5′-methylthio binding site 

in a hydrophobic channel oriented toward the solvent. The transition state analogue MTDIA 

bound to HpMTAN occupies all of these sites (Figure 2A). (21) While the adenine binding 

site and ribose binding site are fully occupied, there is an unoccupied space adjacent to the 

5′-methylthio binding site (Figure 2A). Thus, MTDIA could be tailored with fragments that 

bind to the open space of the 5′-binding site in attempts to improve affinity.

Crystal structures of MTDIA bound to MTANs confirm that an open space to accept an 

added fragment is at the active site adjacent to the 5′-methylthio group of MTDIA (Figure 

2A). Among the 75 crystal structures of MTANs (Table S1), the EcMTAN and SeMTAN 

structures include a polyethylene glycol fragment occupying the space adjacent to the 5′-
binding site (Figure S2). Notably, this space is occupied by two glycol repeating units from 

PEG2.5 in EcMTAN and PEG3 in SeMTAN, crystallized in the absence of MTDIA (Figure 
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S2). The presence of PEG2.5 and PEG3 fragments indicates favorable binding energetics 

in the crystal and suggests the addition of ethylene glycol units to MTDIA (Figure S2). 

Specifically, two ethylene glycol units interact with MTANs using both hydrophobic and 

hydrophilic interactions (Figure 2B).

On the basis of the diglycol interactions, compounds 2–6 were developed and originally 

tested for transition state analogue enhancement for SeMTAN. (23) These 5′-substituents 

made an only 3-fold difference in the affinity for SeMTAN (comparing MTDIA with 2–6). 

(23) In contrast, the compounds gave ≤14-fold increased affinity relative to that of MTDIA 

for HpMTAN (Figure 3). The metabolic role of HpMTAN differs from that of the MTANs 

of most enteric bacteria in its essential contribution to the synthesis of menaquinone via the 

futalosine pathway. (27) Compound 7 was designed by the addition of a 5′-aminofultalosine 

substituent onto the scaffold of MTDIA and gave a dissociation constant of 1.08 nM. The 

six 5′-substituted compounds had dissociation constants from 0.09 to 1.08 nM at 37 °C, 

demonstrating excellent mimicry of the HpMTAN transition state structure. Slow-onset 

inhibition was not apparent for any transition state analogue in this study at 37 °C, and the 

Ki value, a dissociation constant for competitive inhibitors, is reported here (Figure 3). Four 

compounds (3–6) had Ki values up to 4-fold lower than that of MTDIA; one (7, with a bulky 

aromatic group) had a comparable Ki value, and one (2) had a Ki 14-fold lower than that of 

MTDIA (Figure 3).

The affinity of PEG small fragments alone was tested in direct inhibiton experiments as 

indicated in the Supporting Information. Compared to the nanomolar inhibition of MTDIA, 

the fragments bound at least 6 orders of magnitude weaker, in the millimolar range (Table 1 

and Tables S2 and S3).

The PEG2.5-bound and PEG3-bound structures suggested binding of two ethylene glycol 

units in the 5′-region of the active site; thus, inhibitors containing one ethylene glycol unit 

(compounds 3–6) are suboptimal on the basis of the fragment interactions and show less 

improved Ki values. Compound 7 was designed to reflect the specific catalytic function of 

HpMTAN with its action on aminofutalosine. Compound 7 had a Ki value comparable to 

that of MTDIA. Compound 2 is the most successful design, using a combination of TSID 

and FBDD; the MTDIA moiety mimics the transition state in TSID, while a substituent 

similar in size to two ethylene glycol units as an additional 5′-substituent correspond 

directly to enzyme-bound fragments identified in crystal structures. Compound 2 has an 

affinity 14-fold better than that of MTDIA for HpMTAN. Considering that MTDIA is 

a 1 nM inhibitor, the improvement brings the inhibitor into the picomolar range for its 

dissociation constant. In the co-crystal structures (Figure 2C), one confirmation of the 

ethylene glycol mimic of compound 2 is similar to that of ethylene glycol units of PEG3 

while the other conformation partially resembles the binding of PEG3, supporting the ability 

of covalent ethylene glycol mimics to assist in inhibitor binding. Combined with the high 

solubility for compounds 3–6, this structure-based FBDD has produced inhibitors with 

improved affinities and drug properties.

Using MTDIA for comparison, the improvements in Ki for compounds 2–5 are >10-fold 

for binding to SaMTAN (Figure 3). Compound 2 was the most successful design for 
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HpMTAN and also gave the most significant improvement for SaMTAN, a factor of 81-fold. 

Interestingly, compounds 6 and 7 bind more weakly than MTDIA to SaMTAN, while they 

bind with an affinity similar to that of MTDIA for HpMTAN. Both compounds 6 and 7 bind 

to HpMTAN 20-fold tighter than to SaMTAN. Compounds 6 and 7 have an ethylene group 

connected to C4′ of the ribose, while all other compounds, including substrate MTA, have a 

methylene group at the same position.

HpMTAN, but not SaMTAN, plays a physiological role in hydrolysis of aminofutalosine, 

which is similar to that of compound 7 with an ethylene group connected to C4′ of the 

ribose. As such, the differences in the Ki values of compounds 6 and 7 highlight the distinct 

physiological roles of MTAN in H. pylori and S. aureus. Collectively, the results indicate 

that the affinity of compound 2 increases by combining TSID and FBDD and also suggest 

that this approach may be useful for other enzymes (Figure 4).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic view of TSID and FBDD in enzyme inhibitor design. (A) TSID designs inhibitors 

after elucidation of the transition state structure. (B) FBDD identifies and tailors the binding 

fragments to generate inhibitors.
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Figure 2. 
(A) Binding of MTDIA, (B) PEG3, and (C) compound 2 in the active site of MTANs. In 

panel A, there is an extra space next to the 5′-region of MTDIA for HpMTAN [Protein 

Data Bank (PDB) entry 4WKN]. (21) In panel B, PEG3 binds to the extra space next to the 

5′-binding site (PDB entry 4F1W). (23) In panel C, two conformations of compound 2 both 

bind at MTDIA and PEG3 sites (PDB entry 4F2P). (23) MTAN is shown in a van der Waals 

surface view (gray), and MTDIA, PEG3, and compound 2 are shown as colored sticks.
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Figure 3. 
Km and Ki values for transition state analogues of HpMTAN (dark gray) and SaMTAN (light 

gray). (20,21) The top scale indicates values (nanomolar) for the Ki and Km values at 37 °C. 

Note that the values for MTA are Km values.
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Figure 4. 
Proposed procedures of drug discovery using TSID and FBDD. The last step (gray) may or 

may not be needed depending on the enzymes studied.
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