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Abstract

Therapeutic treatment of tuberculosis (TB) is belcgnncreasingly problematic due to the emergence
of drug resistaniMycobacterium tuberculosidt). Thus, new targets for anti-TB drug discoverydee
to be identified to combat and eradicate this dise@ne such target is hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) which synthedises6-oxopurine nucleoside monophosphates
essential for DNA/RNA production. R34R]-4-Hypoxanthin-9-yl-3-(§)-2-hydroxy-2-
phosphonoethyl)oxy-N-(phosphonopropionyl)pyrrolidine and  R3R]-4-guanin-9-yl-3-(§)-2-
hydroxy-2-phosphonoethyl)oxy-l-(phosphonopropionyl)pyrrolidine (compoung) are the most
potent inhibitors oMtHGPRT yet discovered havig values of 60 nM. The crystal structure of the
MtHGPRT6 complex was obtained and compared with that of MUH&PRT in complex with the
same inhibitor. These structures provide explanatitor the 60-fold difference in the inhibition
constants between these two enzymes and a foundatithe design of next generation inhibitors. In
addition, crystal structures MtHGPRT in complex with two pyrrolidine nucleosidegsphosphonate
inhibitors plus pyrophosphate provide insights itite final stage of the catalytic reactiofs the first
step in ascertaining if such compounds have thenpial to be developed as anti-TB therapeutics, the
tetra-(ethyl.-phenylalanine) tetraamide prodrofi6 was tested in cell based assays. This compound
arrested thgrowth of virulentMt not only in its replicating phase @&of 14uM) but also in its latent
phase (IG of 29 uM). Furthermore, it arrested the growthMf in infected macrophages (Mdgof

85 uM) and has a low cytotoxicity in mammalian cells ¢g&f 132+ 20 uM). These inhibitors are

therefore viewed as forerunners of new anti-TB obtberapeutics.



1. Introduction

Mycobacterium tuberculosidt) is the predominant etiological agent for human tablesis
(TB).! TB remains a global public health threat, with rhblion cases of active disease per annum
resulting in 1.8 million deattfs.Current treatment for TB is a standard six-mongigimen of
rifampicin and isoniazid, supplemented with pyraritide and ethambutol in the first two months.
However, the emergence of multidrug-resistitit (MDR-TB)* and extensively drug-resistat
(XDR-TB)® has limited the capacity to eradicate this diseAsmajor obstacle in eradication is the
development of drugs that efficiently target bdtk teplicating and non-replicating/dormant stages o
Mt.® For example, when in dormanavi is insensitive to the frontline drug, isoniaZi@hus, there is
an urgent need for new cost-effective TB therajgsudirected against not only the replicating stafge
this pathogen but also its dormant (latent/pensiststage. Crucially, apart from bedaquiline, which

%10t has been

has associated toxicity concetrand is currently the subject of clinical investiga,
more than 50 years since a new therapeuticallyleviaiti-TB drug was commercially introduced onto

the market?

Evidence that hypoxanthine-guanine phosphoribaeyifierase is a target for the development
of anti-TB therapeutics comes from two sourcese fitst is a random transposon mutagenesis study
which showed that the expression of this enzynmessential for the survival dfit.'?> The second is a
recent study which showed that prodrugs of inhikitoof Mt hypoxanthine-guanine
phosphoribosyltransferas®I{HGPRT) activity arrested the growth of a virulettag of Mt in cell
culture!® Thus, began the search for the design of new am@ motent inhibitors which could also

posses anti-TB activity.

MtHGPRT catalyses the formation of the nucleoside apbosphates, IMP or GMP, and
pyrophosphate (RP The substrates are 5-phospho-ribosyl-1-pyrophosphate PRib-PP) and

hypoxanthine (Hx) or guanine (G); xanthine is natubstraté>™* For catalysis to occur, a divalent



metal ion, usually magnesium, is requirédg( 1). Literature reports suggest that the mechanism of
action of MtHGPRT is ordered and sequentfakimilar to that of human HGPR®f.However, the
kinetic parameters for the two enzymes are verfediht. PRib-PP, for examplehas a much higher
Km for MtHGPRT than for human HGPRT with values of 488 with guanine as the base and 1443
UM with hypoxanthine as the ba&é* compared with 6uM and 30pM, respectively, for human
HGPRT* The values for the purine bases, however, diffeotdy two-fold with theK,for guanine
and hypoxanthine being 4.4 and 8/@ for MtHGPRT *"while, for human HGPRT, these values are
1.9 and 3.41M,*" respectively. Théa values for these two enzymes in the forward reacire also
widely different. MtHGPRT has & values of 0.6 $(guanine as base) and 0:5(kypoxanthine as
base}® while, for human HGPRT, thi. values are 10-fold higher, 8.2' gguanine) and 5.27%s
(hypoxanthine)” The tetrameric structure of both enzymes alscediifi the arrangement of their
subunits. Thus, in the quaternary structure oftthman enzyme, the large mobile loop which moves
to cover the active site during catalysis is lodab& the outside of the structure where, in itsnope
position, it is exposed to solvent. In contrasts tbop is buried at the interface of the dimengan
MtHGPRT® Whether this structural arrangement has an etfedhe kinetic constants is, however,

unknown at present.
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Fig. 1. The reaction catalysed OMtHGPRT. R = -H (hypoxanthine); -NHguanine). The other

naturally-occurring purine base, xanthine (R = -Oisinot a substraté™*



The only reported inhibitors ditHGPRT to date are the acyclic nucleoside phosplenat
(ANPs)!® Their structure consists of a phosphonate moiennected to a nucleobase via an acyclic
linker. The advantage of using these compoundstamplate for therapeutics is the presence of the
carbon phosphorus bond within the phosphonate gnoamdtich makes them enzymatically and
chemically stable within the céff. The genesis for these potential anti-TB drugsaised on structure
of the successful antiviral agent tenofovir thatswdeveloped by Antonin Holy and colleagd®s.
Prodrugs of the ANPs arrest the growthRifin cell culturé®?! highlighting the possibility that
selective design could lead to the developmenhehwtherapeutics agairngt where the activity of

this enzyme also appears to be essential for tivevaliand reproduction of this organism.

Pyrrolidine nucleoside monophosphonates (PNPshiinthe two 6-oxopurine PRTases from
Escherichia coli, XGPRT and HPRF? Plasmodium falciparumHGXPRT", Plasmodium vivax
HGPRT?™ and human HGPR¥: ?? In these compounds, a purine base is attachedptmsphonate
moiety via a pyrrolidine ring in the linker whichormnects the two functional groups. The five
membered pyrrolidine ring is connected to thedibm of the purine bas€ig. 1), as is the ribose
moiety of the products of the catalytic reactiotMiS and IMP. The basic structure of this class of
inhibitor is shown inFig. 2 indicating their structural diversity and how anchese chemical
modifications can be made to increase their potdacyhe 6-oxopurine phosphoribosyltransferases
from different organisms. For example, differenemical attachments can be made at the carbn (R

and/or the nitrogen @ position of the pyrrolidine ringHig. 2).



Fig. 2. The chemical structure of the phosphonates whicttazo a pyrrolidine ring in the linker.
The pyrrolidine group can be attached to any pubiase at the 9-position in the imidazole ring.
R! and R denote where different chemical moities can badited to the pyrrolidine ring. In the
two pyrrolidine nucleoside monophosphonates (PNRscribed here, a phosphonate group is
attached at the position and, in the pyrrolidine nucleoside bispbtusnates (PNBPs), a second

phosphonate group is attached &t Fhe () shows the stereocenters.

In this report, eight compounds containing a pydiok group in the acyclic linker were
trialled as inhibitors of MtHGPRT @ig. 3). Two of these belong to the purine nucleoside
monophosphonate (PNP) class of compounds while bgibong to the pyrrolidine nucleoside
bisphosphonates (PNBPs) class. The first clastait@na single phosphonate group while the second
contains two phosphonate groups. X-ray crystacaires of the two PNPs, (4R]-(4-(hypoxanthin-
9-yl)pyrrolidin-3-yl)-oxymethanephosphonic and R3R]-(4-(guanin-9-yl)pyrrolidin-3-
yl)oxymethanephosphonic acid were obtained in cempMtHGPRT in the presence of
pyrophosphate. The X-ray structure of one of th&8P# ([R,4R]-4-guanin-9-yl-3-(§-2-hydroxy-2-
phosphonoethyl)oxy-N-(phosphonopropionyl)pyrrolidine)g) in complex withMtHGPRT was also
obtained. This structure was then compared wigh ¢ the human counterpart in complex with the

same inhibitor to explain the 60-fold differencetive K; values and to provide the necessary tools to



improve their design aimed at increasing potenay MoHGPRT. In order to determine if such
coumpounds have the potential for further develogmas anti-TB agents, a tetra-(ethyl L-
phenylalanine) tetraamide prodrug@ivas tested against TB in cell culture. These ssudiere done

under aerobic (reflecting the replicating stageteflife cycle) and hypoxic (reflecting its dormant
stage) conditions. The effect of this prodrug om ghowth of the bacillus in infected macrophages an

its cytotoxicity in mammalian celis vivowere also determined.



2. Results and Discussion

2.1. Chemistry

Figures 3 and4 give the chemical structures of the eight compsuexhmined in this study.
The synthesis and chemical analysislof2, 5, 6 and 8 have been reported previousfy? The
methodology for the synthesis 8f 4, and7 is presented irfScheme 1 the synthesis of the new

compounds, 4, and7 follows the same experimental procedures desciibadrevious repoft
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Fig. 3. The pyrrolidine nucleoside phosphonates (PNPs) eviitbe purine base (B) is either
hypoxanthine or guanine 1. [3S4R]-(4-(Hypoxanthin-9-yl)pyrrolidin-3-yl)-oxymethan&épsphonic

acid 2: [3S4R]-(4-(Guanin-9-yl)pyrrolidin-3-yl)oxymethanephosptio acid.
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Fig. 4. The pyrrolidine nucleoside bisphosphonates (PNB#sere the purine base (B) is either
hypoxanthine or guanine: R349-4-hypoxanthin-9-yl-3-(2-phosphonoethyl)oxyNt-
(phosphonopropionyl)pyrrolidine 3], [3R,4Y-4-guanin-9-yl-3-(2-phosphonoethyl)oxyN-
(phosphonopropionyl)pyrrolidine 4y, [3R,4R]-4-hypoxanthin-9-yl-3-(§)-2-hydroxy-2-
phosphonoethyl)oxy-N-(phosphonopropionyl)pyrrolidine 5J, [3R,4R]-4-guanin-9-yl-3-(§)-2-

hydroxy-2-phosphonoethyl)oxy-{il-(phosphonopropionyl)pyrrolidine 6), [3R,4R]-4-hypoxanthin-9-



yl-3-((R)-2-hydroxy-2-phosphonoethyl)oxy{4-(phosphonopropionyl)pyrrolidine7), and [R,4R]-4-

guanin-9-yl-3-(R)-2-hydroxy-2-phosphonoethyl)oxy{d-(phosphonopropionyl)pyrrolidine).
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i. Diethyl vinylphosphonate, t-BuOH, KOH, Cs,COs; ii. 2%TFA/CHClIj; iii.6-chloropurine, PhsP, DIAD, THF;
iv. 1.5M HCI/H,0O-EtOH 1:1, 75 °C; v. diisopropyl 3-phosphonopropionic acid, EDC, DMF, 80 °C; vi.
MesSiBr, MeCN; vii. 2-amino-6-chloropurine, PhsP, DIAD.

Scheme 1Synthetic scheme for compouriglst, and7.

2.2. Inhibition of MtHGPRT activity

The K; values of the eight compounds feitHGPRT are given iTable 1 These values are

compared with those for human HGPRT.

Table 1.TheK;values for the pyrrolidine inhibitors MtHGPRT and human HGPRT

Code K (M) Kiratio | Code K (M) Ki ratio
Mt Human Mt/human Mt Human Mt/human
Base is hypoxanthine Base is guanine
1 88+4 327170 0.3 2 8+0.4 29410 0.3
1 3+ 4 ND - 2  0.74+0.f ND ND
3 0.42+0.04 0.6+0.06 0.7 4 0.04+0.01 0.03+0.01 1.3
5 0.06+0.004 0.001+0.0007 60 6° 0.06x0.01  0.003+0.001 20
7 0.20+0.02 0.008+0.062 25 8° 0.13+0.01 0.008+0.063 16

®Addition of 400uM pyrophosphate to the assafD = not determined.>e® eference 19

These eight compounds exhibit a wide range of geigcin their K; values foMtHGPRT and

human HGPRT, 0.3 to 60 foldréble 1). Compoundsl and 2 have much lowekK; values for
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MtHGPRT compared with human HGPRT (ratio of 0.3), poonds3 and4 do not discriminate
(ratios of 0.7 and 1.3) while, for compoursiand6 as well as compoundéand8, the selectivity is
reversed with th&; values being lower for human enzyme compared WitHGPRT (ratios of 16 to
60) (Table 1). Together with the dissimilarities in the kiretionstants for the naturally-occurring

substrates, this data suggests differences intihetsre of their active sites.

Table 1 shows that the chemical nature of the phophonatetyn@ffects theK; values.
Furthermore, it also appears to effect how thengubases bind. For example, compouhd? 3 and
4, have lowelK; values for both enzymes when guanine is the baksddy compound$, 6, 7 and8,

theK; values are similar, irrespective of whether theehia guanine or hypoxanthirieaple 1).

PR at a concentration of 400 uM in the assay, doesintobit MtHGPRT activity ¢f. 5.7
nmoles mift in its absence with 6.6 nmoles riim its presence). However, when;BPadded to the
assay together with either of the PNR®X 2), theK| value for the PNP decreases by 30- and 11- fold
(Table 1), suggesting that PBinds in the active site together withor 2, thus effecting the kinetic
constants. The decrease in Kyevalues could occur by PRe-positioning the PNP to a more optimal
location. Schramm and his colleagues have demoedtthat the tight binding complexes of the
transition state analogs, immucillin-Gfghosphate or immucillin-H'5hosphate with human HGPRT
and PfHGXPRT, respectively, are only obtained in the pneg of MgPPRas all three sites need to be
occupied?*?® TheK; values are significantly lower fMtHGPRT with compounds, 4, 5, 6, 7 and8
compared withl and 2 (220-1466 fold, hypoxanthine as base; 61-200 fgldgnine as base). These
ratios fall to 7.5-50 and 5-20 when jPR added to the assay with compoundsand 2. Thus, a
reasonable proposition is that the primary reasortihis large decrease is due to the attachmeat of
second covalently linked phosphonate group to camge 3, 4, 5 6, 7 and 8. This second

phosphonate group would then be expected to octhpyPR binding site. TheK; values for
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MtHGPRT of4, 5 and6 are the lowest yet determined for this enzyifab(e 1) as the best previous

value is 1uM.*3

Crystal structures dfitHGPRT in complex witH, 2 or 6 were, therefore, obtained to explain
how these inhibitors bind in the active site sotasbe able to modify their design to produce
compounds with even loweq; values. The structures of tMtHGPRT6 complex and the human
HGPRT6 complex were compared to discover if differenceisten their mode of binding in their

active sites.

2.3. Crystal structures of MtHGPRT in complex vintlo PNPs and a BPNP.

2.3.1. Overall structure.

Crystal structures dfitHGPRT in complex with plus PR, 2 plus PRPand6 were determined
at 2.44 A, 2.55 A and 2.91 A resolution, respedyivEhe data collection and refinement statisties a
presented imable S1 All three complexes crystallized as a tetrameah&asymmetric unit and there
is strong electron density for each of the inhitstm all four active sites of the tetramé&ig. 5). For
compound2, PR was added directly to the enzyme, together withitthibitor, five minutes before
adding this mixture to the well solution. Fbrhowever, PPwas not added to the enzyme though
electron density corresponding to this structure feand in the active site. The presence qfiRkhis
structure appears to have arisen due to the magnesitalysed hydrolysis &Rib-PP2?’ MtHGPRT
is stored in 0.1 M Tris-HCI, 0.012 MgCl,, pH 7.4 containing 20AM PRib-PP, -80°C, under which

conditions it is stable for >2 years.



- .

Fig. 5. FR-F. omit electron density map and the structure ofthivee inhibitors overlayed onto the

Connolly surface oMtHGPRT. @) 1, (B) 2, (C) 6. For simplification, the electron density for #P

the active site has not been includedFigs. 5A andB.

The RMSD values upon superimposition of &oms in these three complexes are presented in
Table S2 These data show that there are only minimal iffees in the overall fold (0.22 to 0.36 A)
when the three structures are compared. When dialges ofMtHGPRT are superimposed (lower
diagonal), the RMSD values are only marginally semaind range from 0.22 to 0.37 A. This suggests
that the presence of inhibitors in the active dies not influence the association of the four sitbu
Thus, the differences in affinity of the three mjdine inhibitors are not due to major structural

changes in the enzyme.

2.3.2. The active site of MtHGPRT

Fig. 6 identifies key areas dfitHGPRT proposed to be involved in binding of keyduonal
groups. These areas are based on the amino agitrs®® and deductions from known crystal
structures? Figs. 7, 8 and9 show the specific interactions that the atoms ohexf the three inhibitors

form with active site residues.



13

AIEVNAHVA LTCVRLSRPNg
Y Dy gE s
VGFDIPN K 16 LSWLSRNLT
G F?75 154 Ty,
Y Vy Cs
, G, 176 N MO 'OH Dv
N' HHHHHHHVTQSSSAITPGQTAE L ey s w0y
L EDY g un"W N &
AIRAQIQEATLLVSKIDGPY R ”2_)” 12, “VILVDRG,
E C' QY VRPDLTGIYSLD '* OJW 1067,k DL DRDI
Lg 65 I
EQIGNDYRELS AT TGQDLILITV oFon R Purine binding pocket

RALDTVFLVA's7

ATPVPTQFEFMAV. SSygssT Sss

5'-phosphate pocket
Mg?* binding site
Mobile loop

v

Fig. 6. Amino acid sequence dMitHGPRT. The chemical structure 6fis inserted in this figure

to show where functional groups would be expectedind. The residues contained in the large

mobile loop proposed to close over the active slteing catalysis (residues V90-L106) are

shown in blue.
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Fig. 7. Stereoview of the active site of tMtHGPRT1.PR complex. Each subunit contains two
molecules of pyrophosphateA) shows the location of one of the jRRolecules andR) shows

the location of the second. Solid spheres repret ions (green) and waters (red).

Fig. 8. Stereoviewof the active site of thtMtHGPRT2.PR complex (subunit A). Compoun?
has the carbon atoms in magenta andi®®rawn in red and orange. There is only ongiRP
each of the four active sites but it has two défar orientations. Subunits A and B have one
orientation while subunits C and D have the secoBdlid spheres represent the two Mipns
(green) and waters (red) in tMeHGPRT2.PR complex. The structure df and PR (cyan) when

bound toMtHGPRT is superimposed for comparison.
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B F175g K154 F175J K154
v176 3| * D126 V176 | < /D126
oy - r N X Y

Fig. 9. Stereo view of the active site of tIMHHGPRT6 complex. A) Subunit A {op: occupancy
of 6 is 60%; bottom occupancy of6 is 40%). 8) Subunit B. The inhibitor has the same
orientation in subunits B, C and D and this is saee as the top panel iA)( The single M§"

ion and water molecules are shown as green andpleeres, respectively.

Figs. 10Aand10B compare the location of PR the MtHGPRT1 or 2 complexeswith that of
PR in human HGPRTIMMGP.PR complex?® Fig. 10C compares the location of the phosphonate
group pointing down into the predicted ;PPinding site in theMtHGPRT6 with that of the

phosphonate group in the human HGR&RTamplex® and the human HGPRMMGP.PR complex®
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MtHGPRT.6

MtHGPRT.2.PP;
(subunits Aand B) &

MtHGPRT.l.PPj a

Fig. 10. The pyrophosphate binding site IMtHGPRT. The crystal structures are
superimposed on that of the HGPRiAMGP.PP, complex (yellow). A) The location of the two
PR molecules present in all four subunits in MMEHGPRT1.PR complex. B) The location of
the single PP molecule in subunits A and B (dark blue) or C add(pale blue) in the
MtHGPRT2.PR complex C) Superimposition ofMtHGPRT6 (green) with human HGPRG.

(wheat)*® a andp correspond to the positions of the phosphorus atsimesvn inFigs. 7 and8.

The red arrows i\ andB show the rotation of the phosphorus atamh (

Superimposition of the threMtHGPRT structural complexes reveal the differences in the
location of these three inhibitors in the activéesiThese lie in four areas: (i) the location and
orientation of the pyrrolidine ring; (ii) the pasib of the phosphonate group located in the 5
phosphate binding pocket; (iii) the location ane ttumber of magnesium ions; and (iv) the positibn o

the purine baseHg. 11).
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Fig. 11. Comparison of the binding modes hf2 and6 in the active site oMtHGPRT (subunit
D). Connolly surface of the enzyme from the comphath 1 is overlaid. Inhibitorsl, 2 and6
have carbon atoms coloured as magenta, cyan armehgrespectively. The location of the
divalent metal ions in the three structures arenshm magental; two magnesium ions), cyan

(2; two magnesium ions) and greed) ne magnesium ion).

2.3.3. The pyrrolidine ring

The pyrrolidine ring covalently connects the thfeectional groups. Though the atoms in the
ring do not make any interactions with active sgsidueskigs. 7, 8 and9), the chemical structure of

the ring itself is critical in placing these groupghe predicted binding sité%.

The presence of the rotatable bond between fredwin of the purine ring and the 'Gtom of
the pyrrolidine ring in6*° allows for either one of the two phosphonate gso(gitached at Ror R
Fig. 2) to be placed in the two areas in the active alile to bind a phosphate group. the 5-
phosphate or the PBinding sites. In th&itHGPRT6 complex, the phosphonate group attached to the

nitrogen in the pyrrolidine ring @ occupies the 'Sphosphate binding pocket in subunits B, C and D
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(Fig. 9B). However, in subunit A, a second orientationursc40% of the timeHig. 9A) with the
phosphonate group at Bccupying the binding site of thé-phosphate group of GMRt.is this latter

orientation thaé adopts when it binds to human HGPHEIg( 12B).*°

Fig. 12 Comparison of the binding modes @®in the active site oMtHGPRT and human HGPRT.
Connolly surface oMtHGPRT is overlaid in both panelA)X Superimposition of the two different
orientations of6 in subunit A of MtHGPRT. There is only one magnesium ion (magentahis
subunit. In the least favoured orientation of coonmub6 (blue), this ion is coordinated to the carbonyl
group in the linker and to one of the phosphonygens (blue dashes) while, in the most favoured
(yellow), it is coordinated to a phosphonyl oxydeed dashes)B) Superimposition oMtHGPRT6
(subunit B; yellow) with human HGPRA.(green; PDB code: 5HIAY Magenta is the single
magnesium ion in thBItHGPRT6 complex; green is the two magnesium ions in thednuHGPRT6
complex. The two invariant ED residues (122-123litHGPRT and 133-134 in human HGPRAare

in magentaNItHGPRT6 complex) and green (human HGPRTomplex). It is hypothesised that it is

the movement of mobile loops in the two enzymescividietermine how binds in the active site.

2.3.4. The two phosphonate groups.
The 3-phosphate binding pockethe phosphonate group found in the predicteph®sphate

binding pocket when each of the three inhibitorsdbitoMtHGPRT is surrounded by a flexible loop,
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residues D126-T13(Figs. 7, 8 and9). This phosphonate group pushes deepest int@duket when
the compounds exhibit the lowdst valuesi.e. 6 > 2 > 1 (Table 1, Fig. 11). The location of this
group when compoundsand?2 bind results in empty space at the bottom of thiskpt which is filled

by water moleculesHigs. 7and8). Thus, the third phosphonyl oxygen forms hydrolgends to three
water molecules. This generates an extensive nktefohydrogen bonds which helps to anchor the
two inhibitors in the active site. One of theseeavatforms part of a series of hydrogen bonds teroth
water molecules one of which is coordinated to niegnesium atom that is liganded to E122 and
D123 Figs. 7 and8).

As the phosphonate group ®pushes deeper into theghosphate binding pocket (subunits B,
C and D;Fig. 9), it occupies most of the available space in tasity leaving no room for water
molecules. It is possible that the changes in gdrdgen bond network due to the absence of water
molecules could be one reason why the side chditieedED residues have not been able to move the
ligand to a magnesium ion as found in WgHGPRT1 andMtHGPRT?2 complexes.

In the MtHGPRT6 complex, the flexible loop (D126-T130) is itselfreaunded by two loops
(K154-V162 and 1171-D174)Hg. 13). Residues P155-H159 form arthelix which joins two
random coils (K154-P155 and H159-V162). In comuerjsthe corresponding loop in the human
HGPRT6 complex, T167-V171, is a simply a random coil adurther away from the'fphosphate
binding loop Fig. 13. D137 acts as general acid/base in catalysisumam HGPRT and D126
probably performs the same functionNHHGPRTX Thus, the OD atom of D137 forms a hydrogen
bond with N of the purine base in the transition state of lysis If the structure of the two
MtHGPRT6 complexes represents that prior to catalysis, foen bonds would have to be broken
before D126 could move into position to form a fogkn bond with the Natom Eig. 13. These are
between the OD atom of D126 to OD1 (N173), to twid &oms (D156) and between the OD1 atom

of D156 and N173. In comparison, only one bondtbdse broken in the human structure and this is
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between OD of D137 and OE of R1649d. 12). This pattern of hydrogen bonds may contributéh&
lower kea: for MIHGPRT.

The phosphonate group has to bend down into thekgtan theMtHGPRT6 complex Fig.
13). This suggests that the loops surrounding D12#0Tdestrict the movement of the D126-T140

loop and, thus, the inhibitor itself has to adépshape to fit in this pocket.

Fig. 13. Comparison of the structure of the@hosphate binding pocket in tMtHGPRT6 (blue) and
human HGPRE (orange; PDB code, 5HUBcomplexes and the surrounding loop. Thetosphate

binding loop is DSGLT (126-130) iMtHGPRT and DTGKT (137-141) in human HGPRT.
2.3.5. The pyrophosphate binding pocket

The addition of PPto the assay foMtHGPRT together with the compounds and 2
significantly decreases thK; values Table 1) suggesting that RFoinds in the active site
together with the inhibitor. The reaction mechanismMMtHGPRT is reported to be ordered
sequentidf and, so, PRcannot enter the active site alone and has tobefire GMP/IMP in the
forward reaction or after GMP/IMP in the reversaagon. Superimposition of the structures of

the MtHGPRT1 and2 complexes onto that of the humBnmGP.PP; structuré® (Figs. 10A and
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10B) shows that one of the two RRolecules found in the active site of teHGPRT complexes
mimics that of pyrophosphate during the transitstate of catalysis. The location of the second

PR molecule is proposed to reflect its position imnagely prior to, or just, after catalysis.

Figs. 10Aand B suggest that thf phosphate group of PB the first to enter or leave the
active site. Thex phosphate group rotates around the phosphoruseaxpond resulting in this
phosphorus atom moving by 3.7 A. In all three ctaxgs, the side chain of K66 points away from the
active site and towards the adjacent subunit. Tdusurs even in subunits A and B of the
MtHGPRT2.PR complex, where a single pyrophosphate molecypeesent and is entering the site. In
subunit A, one of the phosphoryl oxygensphosphate grougrig. 10B) forms a hydrogen bond the
NZ atom of K66. This hydrogen bond between onéhefdxygen atom on tree phosphate group also
occurs in subunits C and D of ttHGPRT1.PR complex. This could suggest that, unlike human
HGPRT, there is no rotation of the lysine side ohaiMtHGPRT (K66 inMtHGPRT and K68 in
human HGPRTWhen PPenters the active site because, inltieenzyme, this side chain is already in
position. This hypothesis was previously propdsasked on the oligomeric statesMtHGPRT The
structures ofMtHGPRT in complex withl or 2 in the presence of PRppear to provide further
validation for this proposition. In the unligandstlucture ofECHPRT, and in complex with IMP, the
corresponding K residue is also rotated out of Rfebinding site® Thus, in this respect, the two

bacterial enzymes could be similar and differ flonman HGPRT.

In the MtHGPRT1.PR complex, one of the phosphoryl oxygens is locatdd&vay from the
nitrogen atom in the pyrrolidine ring suggestingttpyrophosphate is helping the inhibitor to bind i
its optimal location. This is consistent with thé-fold derease in thi; value which occurs in the

presence of this second product of the reaciiable 1).



22

2.3.6. The large mobile loop

In the human HGPRT, a large mobile loop (L100-B1¢&loses over the active site during
catalysis. This is shown by the structure of hurhkBPRT (PDB code: 1BZY) in complex with a
transition state analog, InmGP. MtHGPRT, the corresponding residues are V90-L16§.(6).
However, there are no structuresMfHGPRT where this loop is “closed” so it is not peavif this
loop does, or can, close. For human HGPRT, the @aamd residues in this loop are only visualized
during the transition state of the catalytic reafi but, forMtHGPRT, the amino acid residues in the
flexible loop are resolved in all three inhibitmmaplexes Table SJ1). The only known crystal structure
where this loop is closed just in the presencendhhibitor that is not mimicking the transitiorast of
the reaction is that oPfHGXPRT in complex with an acyclic immucillin phosplate plus

pyrophosphate and magnesiéi.

In the MtHGPRT structures, an-helix of five residues (S96-S100) is insertedhe tandom
coil (Figs. 14A and B). For this loop to close over the active site dgricatalysis, thisx-helix
presumably would have to unravel and then re-foiter #he products are released. The l&ackbone
would start to move to occupy an interim positiosts as th&cHPRT 1 structure Fig. 14B)** before

reaching its final conformation and location whishassumed to be completely over the active site as

in the humartHGPRT.ImmGP.PRomplex®

In all three structures dMitHGPRT in complex with the inhibitors, the aminodzcin the loop
do not form any interactions with the inhibitorstead, they form hydrogen bonds with amino acid
residues in adjacent subunits as has been obspreeusly in theMtHGPRT.GMP compleX® The

inter-subunit interactions may make it more diffidor the loop to fully close.
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Fig. 14. Comparison of the large mobile loop structuresMtHGPRT and human HGPR™A.
Structure of MtHGPRT2.PR (subunit A, orange) superimposed with the struetusf
MtHGPRT.GMP.PP(PDB: 4RHT subunit A, white}®> B. The movement of the large mobile
loop. Magenta MtHGPRTS6, residues S91-R104.Green EcCHPRT1 (PDB code: 5KNX),
residues S91-R10%. Grey. Human HGPRT.ImmGP.RPRPDB code: 1BZY), residues K102-
K114 Y is the conserved tyrosine residdt( Y93; Ec, Y74; human, Y104). The arrows show
the distance between the position of three amind aesidues (yellow) in loop in the three
structures: S95MtHGPRT) to S76 EcHPRT) is 9.2 A, and S76EEHPRT) to N106 (human).

Insert: The mobile loop in human HGPRBIue PDB code: 5HIA}® andMtHGPRT (magenta)
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in complex with6. The “closed” position of this loop in the HGPRMMGP.PPcomplex is

shown for comparison.

2.4.In vitro cell culture studies.

The first step in assessing if potential compoundsrant further investigation and development
as anti-TB chemotherapeutics is to assess thdityabi arrest the growth dfit in cell culture. AS is
highly negatively charged at neutral pH, this netdrthe ability of the compound to cross cell
membranes. Therefore, for this type of drug, hgtabic groups are rountinely attached to the
phosphonate moieties to enhance delivery to tHeotaiterest?? 3 In this instance, the tetra-(ethyl
phenylalanine) tetraamide prodrug ®fwas chosenHig. 15A). Once within the cell, the attached
groups are hydrolysed by constitutive enzymes tdgpece the active inhibitor§, together with
phenylalanine. This prodrug arrests the growthMbf(H37Rv strain) with MIG, values of 14uM
under conditions that mimic replicative growtfid. 15B). In latent TB, the mycobacteria lies dormant
in caseous lesions of the lungs where there Ie httcess to oxygefi=>° Therefore, to mimic the latent
stage, the prodrug was tested against the growtt 6f37Rv under hypoxic conditions resulting in an
MICgyo of 29 uM (Figure 15B), only a two-fold increase compared to the repMeastage. In the
intramacrophag®t H37Rv assayn vitro, the prodrug exhibited an Migvalue of 85uM. Against a

mammalian cell line (A549), it exhibited a g@alue of 132t 20 uM.
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Fig. 15. Anti-TB activity of the tetra-(ethylL-phenylalanine) tetraamide prodrug 6fin Mt
(H37Rv strain).A. Chemical structure of the prodruB. Inhibition of growth of Mt by the
prodrug. The black dots represent the cell-bassdyapreformed under normal conditions while

the red squares represent the assay results pedoumder hypoxic conditions.

Thus, the prodrug is active agaiidt not only when it is in its replicative stage busa
when it is in its dormant phase. This is a veryiddde property for any potential anti-TB drug

candidate.

Conclusions

The pyrrolidine nucleoside monophosphonate®R,43]-(4-(hypoxanthin-9-yl)pyrrolidin-3-yl)-
oxymethanephosphonic acid andr[85]-(4-(guanin-9-yl)pyrrolidin-3-yl)oxymethanephospiic
acid, are micromolar inhibitors of the anti-TB drugarget, hypoxanthine-guanine
phosphoribosyltransferase.  Crystal structures MMHGPRT in complex with these two
inhibitors, plus PR reveal the route whereby Pénters and leaves the active site prior to, or

after, catalysis. They also show the location a$ tmolecule during the transition state of the
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reaction. The pyrrolidine nucleoside bisphosphosnatENBPs) are the best inhibitors of
MtHGPRT vyet discovered witk; values between 40-60 nM. The X-ray crystal struesuof
MtHGPRT and human HGPRT in complex withR[3R]-4-guanin-9-yl-3-(§)-2-hydroxy-2-
phosphonoethyl)oxy-N-(phosphonopropionyl)pyrrolidine show the differdsihding modes in
the two active sites. It is proposed that it ie thovement and/or structures of flexible loops
surrounding the active site that dictates how thesenpounds bind. To enhance cell
permeability, a tetra-(ethylphenylalanine) tetraamide prodrug of this compowas prepared.
The first step in drug development is to test & tompound of interest is effective against TB in
cell culture. This produg not only arrested thevgito of TB in a virulent strain but an extra
bonus in this study was the finding that the prgdwas also active againstt during bacterial
dormancy. This is a rare occurence for any po&rdnti-TB drug and a much sought-after
property of such drugs. This prodrug is also effectagainst intramacrophadét H37Rv cells
and has low cytotoxicity in human cell lines. Stesliare now proposed to modify the inhibitor
design based on the crystal structures and to ingptioe prodrug design specifically for TB cells
as produgs of phosphonate compounds have yet taleseggned to penetrate the TB cell
membranes in particular. This data forms a solidnftation for the production of new anti-TB

therapeutics.

3. Experimental

3.1.  Synthesis and Analytical Chemistry

The chemical synthesis of compourisind 2** was performed according to previously published
methods as was that of compours, and8.'° The synthesis of the prodrug 6fhas been also

reported-®

Unless stated otherwise, all solvents used wergadwahs. TLC was performed on silica gel pre-

coated aluminium plates Silica gel/TLC-cards, UM Zbluka) and compounds were detected by UV
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light (254 nm), by heating (detection of dimethaokyt group; orange color), by spraying with 1%
solution of ninhydrine to visualize amines, or byraying with 1% solution of 4-(4-
nitrobenzyl)pyridine in ethanol followed by heatiagd treating with gaseous ammonia (blue color of
mono- and diesters of phosphonic acid). Prepaaiumn chromatography was carried out on silica
gel (40-60 um; Fluka) and elution was performethatflow rate of 40 ml/min. The following solvent
systems were used for TLC and preparative chromapbg: toluene-ethyl acetate 1:1 (T);
chloroform-ethanol 9:1 (C1l); ethyl acetate-acetettenol-water 6:1:1:0.5 (H3); ethyl acetate-
acetone-ethanol-water 4:1:1:1 (H1). The conceminatiof solvent systems are stated in volume
percent (% v/v). Purity of prepared compounds determined by LC-MS performed on Waters Auto
Purification System with 2545 Quaternary GradienbdMle and 3100 Single Quadrupole Mass
Detector using LUNA C18 column (Phenomenex, 1006<mm, 3 um) at a flow rate of 1 mil/min.
Purity of prepared final compounds was > 95%. Gapconditions were: mobile phase, A — 50 mM
NH4HCO;s; B - 50 mM NHHCG;in 50% aqg. CHCN; C — CHCN; A-B/10 min, B- C/10 min, C/5
min. Preparative reverse phase HPLC (rpHPLC) wa®imeed on a LC5000 Liquid Chromatograph
(INGOS-PIKRON, CR) using a Luna C18 (2) column (256@1.2 mm, 5 um) at a flow rate of 10
ml/min by gradient elution of methanol in 0.1M TEA® 7.5 (A = 0.1M TEAB; B = 0.1M TEAB in
50% aqg. methanol; C = methanol) or without buff&inal compounds were lyophilized from water.
Mass spectra were recorded on LTQ Orbitrap XL (iMwerFisher Scientific) using ESI ionization.
NMR spectra were measured on Bruker AVANCE 499 &t 400 MHz,"*C at 100.6 MHz), Bruker
AVANCE 500 and Varian UNITY 500'd at 500 MHz,**C at 125.8 MHz) spectrometers. ,@
(reference (dioxane) *H 3.75 ppmC 69.3 ppm. Chemical shifts (in ppm, d scale) weferenced

to TMS as an internal standard; coupling constdditsare given in Hz. All intermediates were
determined by LC-MS. N-Boc-3-dimethoxytrityloxy-4-hydroxypyrrolidines (alconfigurations)

were prepared according to a previously establiginededure.

3.2. [3S,4R]-4-Hypoxanthin-9-yl-3-phosphonoethyiaxiy-(phosphonopropionyl)pyrrolidin&)
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Title compound was prepared using the same metbgyas described previou$ly starting from
[3S49-3-dimethoxytrityloxy-1N-Boc-4-hydroxypyrrolidine (0.9 g, 1.71 mmol) in 8éerall yield

(79.5 mg, 0.14 mmol) in the form of white amorpscolid.
~ 6:7 mixture of rotamers A:B

'H NMR (500.0 MHz, RO, ref(dioxane) = 3.75 ppm, 25 °C): 1.58-1.81 (rH, ©CH,CH.P-A,B);
1.81 — 1.91 (m, 4H, COGIEH,P-A,B); 2.59 — 2.70 (m, 4H, COGCH,P-A,B); 3.46-3.61 (m, 2H,
OCH,CH,CH,P-A,B); 3.68-3.78 (m, 3H, HB-A, OCH,CH,CH,P-A,B); 3.82 (dd, 1HJyem = 11.9,
Jspa = 4.3, H-30-B); 3.84 (dd, 1HJgem= 13.2,J5a4 = 5.4, H-8a-A); 4.05 (dd, 1HJgem= 12.6,dpp 3 =
6.9, H-2b-B); 4.07 (dd, 1HJyem= 11.9,J5 4 = 5.5, H-3a-B); 4.13 (dd, 1HJgem= 12.6,Jp3 = 7.7, H-
2'a-B); 4.24 (dd, 1HJgem = 11.2,dop3 = 7.6, H-2b-A); 4.29 (dd, 1HJgem = 11.2,dpa3 = 7.6, H-2a-
A); 4.50 (ddd, 1H)y 5 = 5.4, 3.7)4 3 = 4.7, H-4-A); 4.56 (ddd, 1H),y 5 = 5.5, 4.3)4 3 = 4.8, H-4-
B); 5.40 (ddd, 1HJz > = 7.6, 6.9J3 4 = 4.8, H-3-B); 5.21 (td, 1H )3 > = 7.6,J3.4 = 4.6, H-3-A); 8.22
(s, 2H, H-2-A,B); 8.25 (s, 1H, H-8-B); 8.28 (s, 1H;8-A).

3¢ NMR (125.7 MHz, DO, ref(dioxane) = 69.30 ppm, 25 °C): 25.95Jdp = 134.7, COCKCH,P-
B); 25.99 (dJcp= 134.6, COCHCH,P-A); 31.28 (dJc p= 2.4, C@CH,CH,P-B); 31.36 (dJcp= 2.4,
COCH,CH,P-A); 31.70 (dJcp = 129.1, OCHCH,P-B); 31.71 (dJcp = 129.1, OCHCH,P-A); 50.25
(CH,-2-B); 50.92 (CH-2"-A); 52.13 (CH-5-A); 52.82 (CH-5'-B); 56.87 (CH-3B); 57.90 (CH-3
A); 69.13 (d,Jc.p = 2.4, GCH,CH,P-A); 69.32 (dJcp = 2.5, GCH,CH,P-B); 78.93 (CH-4A); 80.09
(CH-4-B); 125.79 (C-5-A); 125.84 (C-5-B); 143.74 (CH-8:B43.89 (CH-8-A); 148.55 (CH-2-A,B);
152.04 (C-4-A); 152.09 (C-4-B); 161.41 (C-6-A,BY 721 (dJcp = 17.9, NCO-A); 177.29 (dlcp =
17.9, NCO-B).

¥P['H] NMR (202.3 MHz, DO, ref (external BPOy) = 0 ppm, 25 °C): 19.53 (PGBH,0-A); 19.58
(PCH,CH,0-B); 23.20 (PCHCH,CO-A); 23.29 (PCHCH,CO-B).

HRMS (ESI-) for G4Ho0NsOgP, (M-H)  : calcd 464.07417, found 464.07417.

3.3. [3S,4R]-4-Guanin-9-yl-3-phosphonoethyloxy-{pRosphonopropionyl)pyrroliding})

Title compound was prepared using the same metbgyatiescribed previoushl, starting from
[3S,49-3-dimethoxytrityloxy-1N-Boc-4-hydroxypyrrolidine (1.18 g, 2,32 mmol) in 78verall yield

(291 mg, 0.51 mmol) in the form of white amorphso$d.
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~ 6:7 mixture of rotamers A:B

'H NMR (500.0 MHz, RO, ref(dioxane) = 3.75 ppm, 25 °C): 1.64-1.83 (iH, DCHCH.P-A,B);
1.83 — 1.91 (m, 4H, COGIEH,P-A,B); 2.60 — 2.67 (m, 4H, CQGCH,P-A,B); 3.52-3.83 (m, 7H, H-
5-A, H-5'b-B, OCH,CH,P-A,B); 3.96 (dd, 1HJgem = 12.6,J2p3 = 7.1, H-2b-B); 4.02 (dd, 1HJgem=
11.9,J544 = 5.4, H-3a-B); 4.07 (dd, 1HJgem = 12.6,dop3 = 7.7, H-2a-B); 4.15 (dd, 1HJgem = 11.2,
Jobz = 7.6, H-2b-A); 4.23 (dd, 1HJgem = 11.2,Jp43 = 7.6, H-2a-A); 4.44 (ddd, 1HJs5 = 5.1, 3.7,
Jyz = 4.6, H-4-A); 4.50 (dt, 1HJy 5 = 5.4, 4.6)4 3 = 4.6, H-4-B); 5.15 (ddd, 1HJ3» = 7.7, 7.1)a 4
= 4.6, H-3-B); 5.21 (td, 1HJ3 > = 7.6,J3.4 = 4.6, H-3-A); 7.89 (s, 1H, H-8-B); 7.93 (s, 1H, H-8-A).
13C NMR (125.7 MHz, DO, ref(dioxane) = 69.30 ppm, 25 °C): 25.92 Jgp = 134.7, COCKCH,P-
B); 25.95 (dJcp= 134.7, COCHCH.P-A); 31.21 (dJc p = 2.4, CA@CH,CH,P-B); 31.32 (dJcp= 2.4,
COCH,CH,P-A); 31.65 (dJcp= 129.0, OCHCH,P-B); 31.67 (dJcp = 129.0, OCHCH,P-A); 50.08
(CH»-2-B); 50.82 (CH-2-A); 52.11 (CH-5-A); 52.76 (CH-5-B); 56.02 (CH-3B); 57.13 (CH-3
A); 69.17 (d,Jcp = 2.5, CH,CH,P-A); 69.37 (dJcp = 25.0, CH,CH,P-B); 78.88 (CH-4A); 80.05
(CH-4-B); 118.26 (C-5-A); 118.29 (C-5-B); 141.14 (CH-8:B141.34 (CH-8-A); 154.71 (C-4-A);
154.76 (C-4-B); 156.48 (C-2-A,B); 161.68 (C-6-A,B)[7.13 (dJcp= 17.8, NCO-A); 177.17 (dlcp
=17.8, NCO-B).

%P ['H] NMR (202.3 MHz, BO, ref (external BPQy) = 0 ppm, 25 °C): 19.73 (PGBH.0-A); 19.75

(PCH.CH,0-B); 23.32 (PCHCH,CO-A); 23.39 (PCHCH,CO-B).

HRMS (ESI-) for G4H21NeOgP, (M-H)" : calcd 479.08507, found 479.08478.

3.4. [3R,4R]-4-Hypoxanthin-9-yl-3-((R)-2-hydroxypBosphonoethyl)oxy-1-N-

(phosphonopropionyl)pyrrolidiner)

Title compound was prepared using the same metbgdohs described previously, starting from
diisopropyl (R)-1-tert-butyldimethylsilyloxy-2-(((R,4S)-1-N-boc-4-dimethoxytrityloxypyrrolidin-3-
yl)oxy)ethyl)phosphonate (compountig-R*) (0.31 g, 0.59 mmol) in overall 31% yield (56.9 ngl
mmol) in the form of white amorphous solid.

~ 6:7 mixture of rotamers A:B

'H NMR (500.0 MHz, RO, ref(dioxane) = 3.75 ppm, 25 °C): 1.81 — 1.94 4id, COCHCH-P-A,B);
2.60 — 2.71 (m, 4H, CO&€,CH,P-A,B); 3.64 — 3.78 (m, 3H, H4-A, OCHH,CH(OH)P-A,B); 3.84
(dd, 1H, Jgem = 12.1, Jsps = 3.6, H-3b-B); 3.85-4.03 (m, 5H, H-‘&-A, CH(OH)P-A,B,
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OCHH,CH(OH)P-A,B); 4.08 (dd, 1HJgem= 13.3,J26,3 = 4.5, H-2b-B); 4.10-4.21 (m, 2H, H-a,5a-
B); 4.22 (dd, 1HJgem = 12.2,dop 3 = 4.7, H-2b-A); 4.37 (dd, 1HJgem = 12.2,Jp03 = 7.3, H-2a-A);
4.60 (dt, 1HJy5 = 5.9, 4.0 3 = 4.0, H-4-A); 4.65 (ddd, 1H)y 5 = 5.9, 3.6 Jy5 = 3.9, H-4-B);
5.25 (ddd, 1HJz.» = 7.2, 4.5J34 = 3.9, H-3B); 5.33 (ddd, 1HJs > = 7.3, 4.7 Js.4 = 4.0, H-3-A);
8.12 (s, 1H, H-8-B); 8.17 (s, 1H, H-8-A); 8.20 28, H-2-A,B).

3¢ NMR (125.7 MHz, DO, ref(dioxane) = 69.30 ppm, 25 °C): 25.93Jdp = 134.8, COCKCH,P-
A,B); 31.31 (d,Jcp = 2.4, CQCH,CH,P-A); 31.41 (dJcp = 2.4, CACH,CH,P-B); 50.79 (CH-2'-B);
51.67 (CH-2-A); 52.15 (CH-5-A); 53.03 (CH-5-B); 60.04 (CH-3B); 61.22 (CH-3A); 71.60 (d,
Jep = 150.7, CH(OH)P-A,B); 74.10 (dlcp = 11.0, GH,CH(OH)P-A); 74.19 (d,Jcp = 11.0,
OCH,CH(OH)P-B); 82.59 (CH-4A); 83.88 (CH-4-B); 126.45 (C-5-A); 126.49 (C-5-B); 142.64 (CH-
8-B); 142.78 (CH-8-A); 148.52 (CH-2-A,B); 151.67-fCA,B); 161.37 (C-6-A,B); 177.12 (dlcp =
17.9, NCO-A); 177.21 (dlcp= 17.9, NCO-B).

¥P['H] NMR (202.3 MHz, DO, ref (external BPQy) = 0 ppm, 25 °C): 15.17 (PCH(OH)GE-A);
15.19 (PCH(OH)CHO-B); 23.33 (PCHCH,CO-A); 23.39 (PCHCH,CO-B). C14H20N5010P, (M-H)  :
calcd 480.06909, found 480.06833.

3.5 Expression and purification of MtHGPRT

RecombinantMtHGPRT was expressed and purified as previouslyriteest'® The enzyme was
subsequently stored in 0.1 M Tris-HCI, 12 mM MgQiH 7.4, 20QuM PRib-PP at —80 °C where it is

stable for > 2 years.
3.6. Determination of Kvalues

Enzyme activity was determined using a continuopscsophotometric assay, by measuring the
conversion of guanine to GMP at 257.5 ms € 5816.5 M' cmi?). TheK; values were determined in
0.01 M phosphate buffer, 12 mM MgCpH 7.4. The concentration of guanine was fixe@@jiM
and the concentration of the second subst&ibd-PP varying from 100-150@M depending on the
Km@pp)in the presence of the inhibitor. The concentratibmhibitor in the assays ranged from 80 nM

to 6.6 UM, depending upon the potency of the paairccompoundK; values were calculated using



31

Prism4 (GraphPad Software, Inc., La Jolla, CA). pgrophosphateKiappyWas calculated using the

3.7. Crystallization

Crystals were obtained using the hanging drop vapdtusion method. The concentration of protein
was 8 mg mL* and the concentration of inhibitor was 3.3 mM forl.7 mM for2 (with 1.9 mM of
pyrophosphate) and 0.98 mM fét The well solution for three complexes wefeand 2, 20%
PEG8000, 0.1 M Tris-HCI pH 8.5 and 0.2 M Mg was 0.2 M 4SOy, 0.1 M Sodium acetate pH
4.5 and 30% PEGS8000. The drop consisted of an eaqhane of well solution and protein inhibitor
complex. Prior to data collection, crystalsMfHGPRT2 andMtHGPRT6 complexwere transferred
to a solution that contained well solution, 20%cgisol and inhibitor with final concentration of 2.2
mM and 4.9 mM, respectively. For compouhdno cryoprotection was required. Crystals were<ry
cooled in liquid nitrogen and transported to thesthalian Synchrotron where they were robotically
placed in a cryostream (100K) on beamline MX1.)Altay data were collected remotely by Blu-fe.
Data were merged and scaled using ¥D$he structures were solved by molecular replacérimen
PHASER?® within PHENIX 1.7.3% using theMtHGPRT.GMP complex (PDB: 4RHT) as the search
model. Subsequent refinement and model building wils PHENIX 1.7.3° and COOT 0.7°
respectively. The structural restraints file for thaibitors were generated by PRODRG2 Dundee

server!

3.8. Mt inhibition during in vitro assay

The potency of the inhibitors was measured by azue®n reduction microplate assay, as previously
described?*® with some alterations. Virulentit H37Rv was grown in Middlebrook 7H9 broth
medium supplemented with 10% ADC, 0.5% glycerol @ri®% tyloxapol. Cultures were grown at 37
°C to mid-exponential phase (@390.4-0.8) and diluted to Qfgh 0.002 in 7H9S media (Middlebrook

7H9 with 10% ADC, 0.5% glycerol, 0.75% tween-80, 1&ptone). 96-well microtitre plates were
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setup with 10Qul of inhibitors, serially diluted into 7H9S media00 pl of dilutedMt, representing
~2x10' CFU/mL was added to each well. Plates were in@sbéor five days at 37 °C. 42 of
resazurin solution (3@ of 0.02% resazurin, 12.Al of 20% Tween 80) was added to each well.
Fluorescence was measured 24h later on a Fluor@Btaga fluorescent plate reader (BMG) with an
excitation wavelength of 530 nm and an emissionelength of 590 nm. Changes in fluorescence
relative to positive control wells (H37Rv with nehibitor) minus negative control wells (no H37Rv)
were plotted for determination of M§g Hypoxic conditions are exactly the same exceptplates
were placed in a hypoxic chamber (0.1%).ompleted hypoxic assay was read after 48 hst po
resazurin addition in aerobic conditions. Contre$ays with isoniazid were preformed in parallel to
hypoxic killing assays. A loss of killing potentiaf isoniazid is a reliable indicator of bacterial
dormancy.

3.9. Mt inhibition assay in macrophages

Human monocytic THP-1 cells were cultured in RPM#Q supplemented with 10% FBS, 0.05 mM
B-mercaptoethanol and 2 mM glutamine, and incubate®l’ °C/5% C@ For infection experiments,
THP-1 (5x10 cells/mL) were plated into 96-well plates in coetpl RPMI media containing 50 ng/ml
phorbol 12-myristate 13-acetate (PMA, Sigma Chem@a, St. Louis, MO) for differentiation to
macrophages (incubated at 37 °C/5%C@fter 72 h, supernatants were removed and m@herr
expressing, fluorescemt37Rvin RPMI media was used to infect the THP-1 cella dultiplicity of
Infection (MOI) of 1:1 (1 bacteria/l1 cell) for 2(B7 °C/5% CQ). Cells were then washed two times
with fresh complete RPMI media to remove extradatlipacilli. The prodrugKig. 15A) was then
added to infected macrophages at concentratiomggngifrom 250uM to 0.5uM and incubated at 37

°C and 5% CQfor 4 days, and fluorescence was then recorded.

3.10. Cytotoxicity assays in human cell lines
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Human lung carcinoma A549 cells were seeded iwéibplates at 7500 cells per well, and on the
next day the compounds were added in serial dilstié\fter four days incubation at 37 °C, the cells
were trypsinized, then counted with a Coulter Ceurdpparatus. The GgEor 50% cytostatic
concentration, defined as the compound concentratioducing 50% inhibition of cell proliferation as
compared to the no compound control, was calculate@xtrapolation assuming a semi-log dose-

response effect.
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Highlights

* A new class of potent inhibitors of MtHGPRT, the pyrrolidine nucleoside phosphonates and
bi sphosphonates, have been discovered

e Crysta structures of the MtHGPRT.I complexes show how these compounds bind to the active
site.

* A prodrug of these inhibitors arrest the growth of replicating and dormant TB cells



