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Abstract

Glutamate carboxypeptidase Il (GCPIl) is a membrane-bound cell-surface
peptidase. There is significant interest in the inhibition of GCPIl as a means of
neuroprotection, while GCPII inhibition as a method to treat prostate cancer remains a
topic of further investigation. The key zinc-binding functional group of the well-
characterized classes of GCPII inhibitors (phosphonates and phosphoramidates) is
tetrahedral and negatively charged at neutral pH, while glutamyl urea class of inhibitors
possess a planar and neutral zinc-binding group. This current study explores a new

class of GCPII inhibitors, glutamyl sulfamides, which possess a putative net neutral
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tetrahedral zinc-binding motif. A small library containing 6 sulfamides was prepared and
evaluated for inhibitory potency against purified GCPIl in an enzymatic assay. While
most inhibitors have potencies in the micromolar range, one showed promising sub-
micromolar potency, with the optimal inhibitor in this series being aspartyl-glutamyl
sulfamide (2d). Lastly, computational docking was used to develop a tentative binding

model on how the most potent inhibitors interact with the ligand-binding site of GCPII.

Introduction

The expression of glutamate carboxypeptidase Il (GCPII) in human prostate
epithelium is known as prostate-specific membrane antigen (PSMA). GCPIl is a
glycosylated cell surface zinc metallopeptidase overexpressed on prostate cancer cells
and neovasculature of non-prostatic malignancies (1, 2). As a consequence, GCPII has
attracted significant attention as a target for the delivery of imaging and therapeutic
agents and continues to serve as an important biomarker. Several studies have
suggested that targeting GCPII with small molecules (3, 4) and monoclonal antibodies
(4-6) has potential in the development of therapeutic strategies against prostate cancer.
However, the most established use of GCPII inhibitors has been in the diagnostic
imaging of prostate cancer (4, 7). In the nervous system, GCPII has been implicated in
the critical role of regulating synaptic glutamate levels. The presence of excess
glutamate has been implicated in several neurological disorders including ischemia,
traumatic brain injury (TBI), stroke, and amyotrophic lateral sclerosis (ALS) (4, 8, 9).
One source of glutamate in the nervous system is proteolysis of the short neuropeptide
N-acetylaspartylglutamate (NAAG), a reaction catalyzed by GCPIIl. As such, inhibition
of CNS GCPII causes decreased levels of extracellular glutamate (10), as well as also
increased levels of NAAG which itself has a neuroprotective role (11). Therefore there
is significant interest in the inhibition of GCPII as a means of neuroprotection.

Of the known classes of GCPII inhibitor scaffolds, they are typically characterized
by a zinc-binding group connected to either a glutaryl or the glutamyl group, which
generally serves as the C-terminal or P1’ residue of the chemical scaffold (4, 8). For

most of these inhibitors, the glutarate/glutamate residue appears to occupy the ST’
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pocket of GCPII (12, 13), while additional motifs (if present) occupy the S1 pocket. Key
classes of inhibitors (Figure 1) include: phosphonates (1a), phosphates (1b),
phosphoramidates (1c-1e), and ureas (1f) (4, 8). In the case of the phosphorous-based
inhibitors, the phosphoryl functionality appears to serve as zinc binding group (ZBG) to
the co-catalytic zinc atoms in the active site (12, 13). A problem with the highly potent
(yet highly charged) phosphonate inhibitor 2-PMPA (1a) and other phosphorous-based
inhibitors is their poor oral bioavailability (14) and high renal clearance (15) thereby
potentially limiting their practical value as clinical therapeutic agents.

One of our goals is to identify alternative functional groups that could serve as a
ZBG group to interact with the co-catalytic zinc atoms in GCPIl. In addition, it is
expected that these functional groups could also passively serve as a linker between
P1-glutamate and a P1’ residue to achieve favorable contacts in the active site of
GCPIl. One attractive scaffold is the glutamyl urea, pioneered by Kozikowski et al (4),
and has been co-crystallized with GCPII (16). Recent structural investigation shows the
urea oxygen of these inhibitors is approximately 1 A further away from the catalytic zinc
atoms (compared to the tetrahedral phosphonate moiety), but additional interactions in
the S1 pocket compensate for the weak binding of the urea group to the active site zinc
atoms (16). Another attractive putative zinc-binding motif is the tetrahedral sulfonamide
and sulfamide, which allows for trivial installation into small molecule inhibitors. Both
the sulfonamide and sulfamide moieties are desirable for pharmaceutical development,
compared to similar phosphorous-based groups (1a-1e) due to their aqueous stability
and their net neutral charge. Short alkyl sulfonamides have showed promise as GCPII
inhibitors (17). Although not always functioning as a ZBG, the sulfamide motif has been
employed in the design of biologically active agents against various classes of enzymes
such as aspartic proteases (18, 19) (HIV-1 protease, gamma-secretase), serine
proteases (20) (elastase, chymase, tryptase and thrombin), and metalloproteinase (21)
(carboxypeptidase A [CPA] and matrix metalloproteinases [MMPs]). One biochemical
target for which sulfamides have been successfully used as a zinc-binding groups is
CPA, where single-crystal X-ray diffraction reveals that the sulfamoyl moiety interacts

with the active site zinc ion (21). An important feature of sulfamides (as well as ureas
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and sulfonamides) is the ease in which they can be conjugated to chiral and
inexpensive protected glutamate building blocks (8 or 9) to generate an optically active
inhibitor scaffold. In contrast, the highly potent phosphonate inhibitors (e.g. 2-PMPA)
are more challenging to produce in optically active form (22).

The focus of this study was aimed at (1) the development of a facile synthetic
methodology; (2) utilization of methodology to generate a small library of simple
glutamyl sulfamides; (3) modeling of a potential binding mode using computational
docking.

RESULTS AND DISCUSSION

A simple method, amenable to parallel synthesis, was employed to synthesize
the sulfamide inhibitor library (Scheme 1). The common oxazolidinone intermediate
and sulfamides were synthesized as outlined by Borghese and coworkers with minor
modifications (23). Briefly, commercially available chlorosulfonyl isocyanate was
treated with 2-bromoethanol or benzyl alcohol, followed by treatment with di-protected
glutamic acid (8 or 9) to generate the oxazolidinone intermediates 4 or 5 and Cbz-
glutamyl sulfamide 7 respectively. Nucleophilic displacement of the oxazolidinone in 4
or 5 was carried out with amines 6a-e to generate methyl and benzyl protected
sulfamides 3a-e. Amines 6a, 6a’, and 6d-e could be purchased, while 6b-c were
prepared in two steps from commercially available amino acid precursors by coupling to
form the benzamide followed by tert-butyl ester deprotection (see supporting
information). Last, 3b-e were deprotected by either ester hydrolysis or hydrogenolysis
to form inhibitor candidates 2b-2e, while 3a and 3a’ required additional elaboration.

The synthesis of the urea analog 2a and its diasteromeric partner 2a’ required
the installation of the p-iodo-phenyl urea moiety at the e-amino group prior to global
deprotection procedures (Scheme 2). The Cbz group from 3a was selectively removed
under catalytic transfer hydrogenolysis conditions to generate the free amine. After
overnight drying in vacuo, the amine was treated with p-iodo-phenyl isocyanate and
TEA in DCM to yield 10a, which was subsequently subjected to global deprotection to
yield the target compound 2a. The diasteromeric partner 2a’ was prepared analogously

from 3a’.
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Applying the methodology described in Schemes 1-2, a library of potential GCPII
inhibitors containing a sulfamide moiety was prepared. The objective of the library
design was to test whether the sulfamide core can serve as a ZBG or passively serve
as a bridging unit to connect moieties spanning the S1 and S1’ regions of the active-
site. We generated 2-(sulfamoylamino)pentanedioic acid (2f) to test whether the
terminal sulfamide can serve as a PSMA inhibitor via interaction with the co-catalytic
zincs. In addition, we generated structural analogs of known GCPII inhibitors to test

whether the sulfamide core can serve as a linking unit.

Once prepared, the sulfamide inhibitors 2a-f were assayed for inhibition against
purified GCPII with results indicated as 50% inhibitory concentration (ICso) values
(Table 1) (24). Based on previous reports, the sulfamide moiety is capable of
interacting with the active site Zn in other zinc metalloproteases such as CPA (21) and
carbonic anhydrase (25). Therefore, we hypothesized that sulfamide motif in compound
2f would act as a ZBG and exhibit greater inhibitory potency than glutamate alone (428
uM) (12). Upon comparing the potency of 2f to that of 1¢ (ICso = 0.86 nM) (26) against
GCPIl, it was concluded that either the sulfamide motif in 2f is not interacting with the

active site Zn or that the interaction with the Zn cation is weak.

The non-classical isosteric replacement of the urea group by the sulfamide motif
in a known GCPII inhibitor 1f (IC5,=20 nM) (27) also resulted in sulfamide analog 2a
and its diasteromeric partner 2a’ albeit with decreased inhibitory potency. We
hypothesized that the observed poor potency in the diasteromeric pairs could be due to;
1) the weak zinc interaction of the sulfamide moiety; or 2) lack of functionality capable of
interacting with the arginine patch. The P1 oa-carboxylate in the parent urea inhibitor
(1f) makes favorable interactions with Asn519, as well as residues Arg534 and Arg536
of the arginine patch (16). Reorientation of this carboxylate due to the presence of the
tetrahedral sulfamide group may prevent the favorable interactions of the P1 o-
carboxylate present in 2a-2a’ with these Asn and Arg residues, resulting in decreased
affinity. This led us to conclude the non-classical isosteric replacement of the known

urea GCPII inhibitor was detrimental and resulted in loss of potency.
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To obtain better understanding of the sulfamide core as a putative ZBG and its
interactions with the active site, we have included 2b in our library design
considerations. Because it is a direct structural analog of a known pseudoirreversible
GCPII inhibitor 1e (IC50=35 nM) (26), it allowed for an interrogation of the sulfamide as a
isostere of the phosphoramidate group. Despite preserving the tetrahedral geometry of
a phosphoramidate as well as features of the P1 and P1’ functionality, this isosteric
replacement resulted in a considerable loss of inhibitory potency towards GCPII,
presumably due to incompatibility of the sulfamide center as a ZBG.

Based on the above observations, we introduced greater flexibility in our inhibitor
design in the P1 residue to promote additional interactions with the well-known
hydrophobic pocket and arginine patch proximal to the active site. Compounds 2d and
2e were designed to allow a carboxylate to probe the arginine patch and/or potentially
chelate to the active site Zn, while compound 2c¢c was introduced to probe for
hydrophobic binding interactions. In general, by introducing greater flexibility, the
inhibitory potencies of 2c-e improved.

To shed light on the mode of binding of the more potent sulfamides in this study,
computational docking was performed on compounds 2d, 2e, and 2f using a high-
resolution X-ray crystal structure of GCPIl (pdb = 3D7H), co-crystallized with urea
inhibitor DCIBzL (16), using the software FRED (OpenEye Scientific, Santa Fe, NM)(28,
29). Docking was performed in the absence of a pharmacophore restraint. A summary
of the docking results of 2d and 2e are presented in Figure 2, and rendered images are
provided in Figures S1-S2 (Supporting Information). Un-restrained docking of these
two inhibitors places them in poses inconsistent with numerous other glutamate
containing inhibitors with known modes of binding (1¢, DCIBzl, etc) which clearly project
the P1’ Glu y-carboxylate group into the S1’ pocket to form a salt bridge with Lys699,
and with the P1’ a-carboxylate interacting with Arg210. In our model of 2d and 2e, the
P1* Glu vy-carboxylate interacts with the co-catalytic zinc atoms, while the P1’ o-
carboxylate interacts with Arg534 and Arg536. In declining affinity for zinc, the order is:

histidine > carboxylate > sulfhydryl > phenol > lysine > main chain carbonyl (30),
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therefore it is not surprising to see that carboxylate groups replace the sulfamide groups
to act as a stronger zinc binder. In these inhibitors, the sulfamide functionality does not
appear to be important for binding. In inhibitor 2d, the P1 B-carboxylate interacts with
Arg534 and Arg536, while the P1 a-carboxylate interacts with Arg463 and Arg534. The
slightly less potent inhibitor 2e contains an extra methylene group on its side chain; the
P1 y-carboxylate interacts with Arg463 and Arg536, while the P1 a-carboxylate is only
within distance of interacting with Arg534. In most cases, the interactions are
considered to be salt bridges between charged functionality (<4 A between the charged
atoms) (31), while in some cases, we were able to identify potential hydrogen bonds as
well (< 3.2 A between the donor and acceptor; angle between HBD-HHBA > 150°)
(32). The specific non-covalent interactions, including distances determined in the
course of our docking simulations of 2d and 2e are presented in Table S1. A
superimposition of compounds 2d and 2e docked into the catalytic site is presented in
Figure S3, showing a generally consistent mode of binding, aside from the position of
the terminal P1 carboxylate groups, due to the longer side chain in 2e, while the
remainder of the two structures are positioned fairly consistently.

The possibility that 2d and 2e adopt a novel pose is interesting, and would need
to be validated by a more rigorous structural method such as X-ray crystallography. To
provide evidence against the “classical” mode of binding of these inhibitors (P1’ into
S1’), we also performed docking of 2d and 2e in the presence of a pharmacophore
constraint that required the P1’ y-carboxylate to be within 3.5A of Lys699 in the S1’
pocket, allowing the compounds to dock in a manner more consistent with other GCPII
inhibitors (data not presented). While such poses would be appealing in that they
share consistency with X-ray crystal structures of phosphorous and urea-based
inhibitors, the seven independent scoring functions in FRED score such poses with

significantly higher energy than the novel poses presented in Figure 2.

Our model does not precisely explain the slightly improved potency of 2d (ICso =
0.9 uM) versus 2e (ICsp = 1.2 uM), as both compounds make a similar number of

contacts (with similar distances) to the residues in the arginine patch. Nevertheless, it
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can be noted: (a) while the P1 a-carboxylate in both compounds can obtain salt bridge
interactions with Arg463, this carboxylate in 2d is within distance to make a second salt
bridge interaction with Arg534, while this group in 2e is bent slightly away from Arg534,
and less likely to interact; (b) the relative potency of the compounds is within
experimental error, thus one must be cautious to conclude 2d is actually more potent
than 2e.

We also performed un-restrained docking of the less potent inhibitor 2f, which is
a sulfamide analog of the extremely potent and structurally analogous phosphoramidate
inhibitor (1c) (Figure S4). Our model of this compound also changes its orientation
from the classical binding mode observed for phosphorous and urea-based inhibitors.
In our model of 2f, one sulfamide S=0O group hydrogen bonds with Arg210, while the
Glu a-carboxylate interacts with zinc. The Glu y-carboxylate interacts with Arg534 and
Arg536 through a salt bridge and through hydrogen bonding interactions. While the
interactions seem reasonable, caution must be exercised due to the relatively poor

potency of this inhibitor (ICso = 6 uM).

Conclusion and Future Work

A small library of sulfamide analogs of known GCPII inhibitor scaffolds was
prepared to interrogate the value of the sulfamide motif as a zinc-binding group for this
and other metallopeptidases. While the majority of the inhibitors were modestly active,
one inhibitor (2d), which contains an ASP [-carboxylate for the S1 pocket, possessed
sub-micromolar activity. Binding modes for three of the more potent compounds (2d-
2f) was rationalized by a binding model generated by computational docking. Our
model suggests that the two most potent compounds (2d and 2e) obtain a non-
conventional binding mode, in which the sulfamide group does not interact with the co-
catalytic zinc atoms, but with the acidic side chain functionality greatly interacting with
the residues in the S1 arginine patch region. The less potent inhibitor 2f docked in a

conformation that suggests the sulfamide oxygens contribute to =zinc binding.
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Sulfamides that lack both o- or B-carboxylate in the P1 residue resulted in poor
inhibition. Based on the results of our initial sulfamide library, we conclude the
sulfamide moiety is not a good zinc binding group for GCPII (in contrast with other
proteins like CPA).

Materials and Methods

ICs59p Determinations for GCPII Inhibition. Inhibitions studies were performed as
previously described (17, 33, 34).

Synthesis. All solvents used in reactions were both anhydrous and obtained from
commercial sources. 'H and '*C NMR spectra were recorded on a Bruker 400 MHz
spectrometer or a Varian 300 MHz. 'H NMR chemical shifts are relative to TMS (6=0.00
ppm), CDClz (6=7.26 ppm), CDsOD (8=3.31 ppm) or D,O (8=4.79 ppm). '*C NMR
chemical shifts are relative to CDCl; (6=77.23 ppm), CD3s0OD (6=49.00 ppm). Mass
spectrometry spectra were obtained on an Applied Biosytesms 4800 MALDI- TOF/TOF

mass spectrometer.

General procedure for oxazolidinone-glutamyl sulfamide preparation (4 and 5).
To a solution of chlorosulfonyl isocyanate (1.538 mL, 17.66 mmol) at 0°C in DCM (7
mL), was added a solution of 2-bromoethanol (1.26 mL, 17.78 mmol) in DCM (10 mL)
slowly via addition funnel and maintain reaction temperature range of 0-5°C. Upon
complete addition, the reaction was stirred for an hour at 0-5°C, followed by the addition
of 8 or 9 (19.43 mmol) in DCM (18 mL) and TEA (7.87 mL, 56.52 mmol). The solution
was added slowly to maintain reaction temp 0-5°C. Once addition was complete, the
resulting reaction mixture was allowed to warm to RT and stirred overnight. After
overnight stirring, the reaction mixture was washed with 1N HCI (2X, 50 mL) followed by
brine (50 mL). Water was added to the organic layer and DCM was evaporated to yield
a precipitate (70-86%) and further used without purification.

(S)-dimethyl 2-(2-oxooxazolidine-3-sulfonamido)pentanedioate (4): (85.6%) 'H
NMR (400 MHz, DMSO-d6) 6 9.08 (d, J = 9.0 Hz, 1H), 4.43-4.25 (m, 2H), 4.12 (id, J =
9.5, 4.7 Hz, 1H), 3.97-3.83 (m, 2H), 3.67 (s, 3H), 3.57 (s, 3H), 2.43-2.34 (m, 2H), 2.04-
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1.96 (m, 1H), 1.78-1.69 (m, 1H). '*C NMR (100 MHz, DMSO-d6) & 172.86, 171.86,
153.18, 62.88, 55.64, 52.89, 51.88, 45.77, 29.65, 27.09.

(S)-dibenzyl 2-(2-oxooxazolidine-3-sulfonamido)pentanedioate (5): (69.8%) 'H
NMR (400 MHz, DMSO-d6) & 9.14 (d, J = 8.8 Hz, 1H), 7.49-7.14 (m, 10H), 5.25-4.92
(m, 4H), 4.37-4.12 (m, 3H), 4.01-3.67 (m, 2H), 2.46-2.35 (m, 2H), 2.08-2.00 (m, 1H),
1.83-1.74 (m, 1H). '*C NMR (100 MHz, DMSO-d6) § 172.27, 171.37, 153.16, 136.48,
135.98, 128.87, 128.85, 128.62, 128.45, 128.40, 128.38, 67.08, 66.05, 62.85, 55.79,
45.75, 29.85, 27.18,

General procedure for methyl ester deprotection.(2a, 2a’, 2b, and 2¢). To a
solution of 3a-c in 1,4-Dioxane (1 mL), was added 1 M LiOH (1.5 eg/methyl ester). The
resulting solution was stirred at room temperature until completion. Upon completion,
the reaction mixture was acidified (pH=3) with 4 M HCIl. The organic solvent was
removed and the crude mixture was taken up to 0.5 mL with HPLC grade methanol,
micro filtered then peak purified with a preparative Thermo Scientific* Hypersil* GOLD
preparative C18 column (20mm x 50mm, particle size 5 um) running a 5% to 97%
gradient of water/methanol with 0.1% formic acid with a 15 mL/min flow rate on a
SpectraSystem HPLC. Chromatographs were monitored with single wavelength UV

detector at 254 nm. Fractions were concentrated down to yield a white solid (57-65%).

(25)-2-((N-(1-carboxy-5-(3-(4-iodophenyl)ureido)pentyl)sulfamoyl)amino)
pentanedioic acid (2a): (65.4%) '"H NMR (400 MHz, CD30D) § 7.52 (d, J = 8.8 Hz, 1H),
7.17 (d, J = 8.7 Hz, 1H), 4.00-3.96 (m, 1H), 3.94-3.91 (m, 1H), 3.18 (t, J = 6.5 Hz, 1H),
2.55-2.34 (m, 1H), 2.17-2.10 (m, 1H), 1.98-1.77 (m, 1H), 1.76-1.67 (m, 1H), 1.61-1.38
(m, 2H). ®*C NMR (100 MHz, CD;OD) & 175.06, 174.35, 173.90, 173.55, 156.54,
139.67, 137.28, 120.50, 83.63, 55.53, 54.88, 54.82, 50.75, 39.11, 32.13, 29.37, 29.30,
29.27, 27.69, 27.61, 22.31, 22.28. NMR spectra for 2a’ is identical to 2a. M/Z
calculated for C1gH24IN4O¢S [M-H] 599.0314; found [M-H] 599.0011.

(S)-2-((N-((S)-2-benzamido-2-carboxyethyl)sulfamoyl)amino)pentanedioic  acid
(2b): (58.6%) 'H NMR (400 MHz, CDsOD) & 7.93-7.85 (m, 2H), 7.61-7.51 (m, 1H),
7.51-7.44 (m, 2H), 4.72-4.69 (m, 1H), 3.96-3.92 (m, 1H), 3.66-3.46 (m, 2H), 2.53-2.41
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(m, 2H), 2.19-2.09 (m, 1H), 1.95-1.82 (m, 1H). "*C NMR (100 MHz, CD3zOD) & 176.48,
176.46, 175.53, 175.43, 173.30, 170.12, 170.06, 135.06, 132.93, 129.57, 128.52,
128.51, 56.43, 54.91, 44.69, 31.01, 29.16. M/Z calculated for CisH1gN3OsS [M-H]
416.0769; found [M-H] 416.0920.

(S)-2-((N-((S)-3-benzamido-3-carboxypropyl)sulfamoyl)amino)pentanedioic  acid
(2c): (57.2%) 'H NMR (400 MHz, CD3OD) & 7.91-7.82 (m, 2H), 7.57-7.50 (m, 1H), 7.50
-7.41 (m, 2H), 4.67-4.62 (m, 1H), 3.92-3.88 (m, 1H), 3.23-3.02 (m, 2H), 2.50-2.39 (m,
2H), 2.28 -2.16 (m, 1H), 2.15-1.94 (m, 1H), 1.92-1.79 (m, 1H). *C NMR (100 MHz,
CD3;0OD) 6 175.00, 174.31, 173.82, 169.05, 133.77, 131.41, 128.09, 127.14, 127.13,
54.94, 50.83, 39.49, 30.98, 29.56, 27.71, 27.69. M/Z calculated for C1gH20N309S [M-H]
430.0926; found [M-H] 430.0882.

General procedure for hydrogenolysis (2d, 2e, and 2f). Ammonium formate (5
eg/benzyl ester) was added to a rapidly stirred suspension of 3d-f, Pd/C (0.03 eq) and
potassium bicarbonate (1.0 eg/carboxylate) in 1,4-Dioxane: water solution (2:1 v/v, 2
mL). The reaction was stirred until completion. Upon completion, the reaction mixture
was filtered and concentrated down to produce the desired compound in quantitative

yield as the potassium salt.

(S)-2-((N-((S)-1,2-dicarboxyethyl)sulfamoyl)amino)pentanedioic acid (2d):
(95.3%) 'H NMR (400 MHz, D,0) § 3.82 -3.75 (m, 1H), 3.55-3.48 (m, 1H), 2.50-2.39 (m,
1H), 2.35-2.20 (m, 1H), 2.10-1.96 (m, 2H), 1.82-1.60 (m, 2H). '*C NMR (100 MHz, D»0)
6 182.20, 179.28, 178.86, 178.48, 58.00, 57.97, 56.11, 56.01, 40.68, 33.69, 33.59,
29.24,29.20. M/Z calculated for CgH13N2010S [M-H] 341.0296; found [M-H] 340.8914.

(2S,2'S)-2,2"(sulfonylbis(azanediyl)dipentanedioic acid (2e): (97.3%) 'H NMR
(400 MHz, D;0) & 3.72-3.55 (m, 2H), 2.29-2.13 (m, 4H), 2.01-1.73 (m, 4H). '*C NMR
(100 MHz, D,O) &6 182.08, 179.20, 58.07, 33.73, 29.28. M/Z calculated for
C10H15N2010S [M-H] 355.0453; found [M-H] 355.0450.

(S)-2-(sulfamoylamino)pentanedioate (2f): (100%) '"H NMR (400 MHz, Deuterium
Oxide) & 3.74 (td, J = 8.5, 5.0 Hz, 1H), 2.42-2.28 (m, 2H), 2.10-1.95 (m, 1H), 1.88-1.79
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(m, 1H). *C NMR (100 MHz, D,O) & 180.01, 178.68, 170.50, 62.38, 57.75, 31.97,
28.46. M/Z calculated for CsHIsN2OgS [M-H] 225.0187; found [M-H] 225.0301.
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Supporting Information

Scheme S1, Figures S1-S3, experimental procedure, and characterization data
for intermediates 3a-3e, and 7.

Figure 1. Known GCPII inhibitors.

Scheme 1. Synthesis of glutamyl sulfamides. Reagents and conditions: (a) 2-
bromoethanol; (b) benzyl alcohol; (c) HCIL.Glu(OMe).OMe (8) or Tosyl.Glu(OBn).OBn
(9); (d) amino acids 6a-e, TEA, ACN, 50°C; (e) LiOH or Pd/C, NH,COOH, KHCO3;, 1:2

H.O:Dioxane (v/v)

Scheme 2: Synthesis of sulfamide 2a and 2a’. Reagents: (a) Pd/C, NH,COOH,
KHCO3;, 1:2 H,O:Dioxane (v/v); (b) 4-iodo-phenyl isocyante, TEA, DCM; (c) LiOH,

Dioxane.

Table 1: Inhibitory potency of sulfamides against purified GCPII
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Figure 2: Summary of computational docking results for the most potent compounds
2d (panel A) and 2e (panel B) into the active site of an X-ray crystal structure of PSMA
(PDB=3D7H). Rendered images are provided in Figures S$1-S2 (Supporting

Information).

Scheme S1. Synthesis of 6b and 6c. Reagents and conditions: (a) HBTU, TEA,
Benzoic acid, DMF; (b) 4M HCI in Dioxane.

Figure S1: Un-restrained computational docking of compound 2d into the active site of
an X-ray crystal structure of GCP2 (PDB=3D7H). The PyMOL Molecular Graphics

System (http://www.pymol.org/) was used to prepare the molecular drawings.

Figure S2: Un-restrained computational docking of compound 2e into the active site of
an X-ray crystal structure of GCP2 (PDB=3D7H).

Figure S3: Representation of docked compound 2d (red) superimposed with 2e (blue).

Figure S4: Un-restrained computational docking of compound 2f into the active site of
an X-ray crystal structure of GCP2 (PDB=3D7H).

Table S1: Interactions between ligands 2d-2f, and the GCP2 active site residues, as
determined by computational docking. Interaction type: A = salt bridge; B = metal
coordination; C = moderate-to-strong hydrogen bond as defined by Jeffrey et al (5). For
interactions A-B, the distance is between the associated atoms. For interaction C, the
distance is calculated between the hydrogen bond acceptor (typically on the ligand) and
a proton on the hydrogen bond donor (in most cases arginine). In most cases, the
position of the proton was not shown in Figures S1-S2 and S4, for the purpose of

clarity.
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