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We report on the design, synthesis, and evaluation of a series of furanyl-salicyl-nitroxide derivatives as
effective chemical probes for second-site screening against phosphotyrosine phosphatases (PTPs) using NMR-
based techniques. The compounds have been tested against a panel of PTPs to assess their ability to inhibit
a broad spectrum of these phosphatases. The utility of the derived compounds is illustrated with the
phosphatase YopH, a bacterial toxin frofarsinia pestisNovel chemical fragments were identified during

an NMR-based screen for compounds that are capable of binding on the surface of YopH in regions adjacent
the catalytic site in the presence of the spin-labeled compounds. Our data demonstrate the value of the
derived chemical probes for NMR-based second-site screening in PTPs.

Introduction Recent studies from our laboratories focused on the inhibition
of the bacterial protein tyrosine phosphatase Y8pkided by

a combination of chemical library screening, structtaetivity
relationship (SAR) analyses, and in silico docking of lead
compounds, we developed small-molecule inhibitors of YépH.
Our inhibitors contain a single salicylate linked to a furanyl
S?‘noiety as a phosphotyrosine mimic and a more variable group
that could be exploited to achieve selectivity and higher affihity.
In fact, while very small differences can be seen in the
phosphotyrosine binding pockets of tyrosine phosphatases,
unique subpockets can be found in adjacent rediéiihierefore,

Protein tyrosine phosphatases (PdH&ve been the focus
of considerable drug discovery efforts in recent years owing to
evidence of their role in regulating cell-signaling pathways.
However, many inhibitors identified so far are peptide-based,
and because of the conserved nature of the active site amon
phosphotyrosine binding pockets, obtaining selectivity is often
difficult. Only very recently, several examples point to fragment-
based approaches as possible routes for the identification of
potent and selective protein phosphatase inhibitra. first
reé(;g?gg g]ydgzségglggni?;%::l\z/eez;; 1tﬁién\tlvlgr'tk?rtshg:itrﬁggnﬂy it appears evident that by tailoring a second-site ligand, it should

screened a library of 10 000 compounds by using heteronuclearbe possible to develop potent and selective inhibitors of
[5N,1H] NMR correlations spectra to assess binding. This therapeutically relevant protein tyrosine phosphatases. An

approach has the advantage that even small fragments that bini teresting approach to screen for seclognd-site binders was
faﬁﬁ weakly can be iden?ified and that inforr’r?ation on the ecently reported by Jahnke and co-work®rs. This method

Arly y ! . . utilizes initial binders chemically labeled with organic nitroxide
binding mode can also be obtain®tThis screen resulted in a

compound that mimics the natural phosphotyrosine substrater"j’ldlcaIS (*spin labels” such as the 2,2,6,6-tetramethylpiperidine

A . . . 1-oxyl (TEMPO)) to perform second-site NMR spectroscopic
a_nd '”h'b't?’ P_TPlB n the m_|cromolar range. _Subse_quently,_ this screens of fragment libraries. The binding of a second-site ligand
hit was optimized with the aim of fully occupying adjacent sites

by modular addition of scaffolds.In fact, an additional can be simply detected by measuring the relaxation enhancement

i in- i i i 9131
compound that bound in a second adjacent site was identifiedmduced by the spin-labeled first Ilganq (Figure 1)'. Other
o .~ common approaches for the second-site screen via NMR are
by exploiting another NMR screen. The subsequent chemical

linkage of both compounds lead to a bidentate molecule that the well-known SAR by NMR methotf, where the second
. . : . 1 .
inhibited PTP1B in the nanomolar range. ligand is screened via proteitPN, *H] correlation spectra, and

the SAR by interligand Overhauser effect (ILOE) method, where
Another example on the use of fragment-based approachesye second-site ligand is detected via protein-mediated ligand
to obtain inhibitors of a PTP is the application of the “click ligand NOEs!314 Compared with these methods, a major
chemistry™ In this case, Srinivasan et al. employed alkyne- yra\yhack of the spin-labeling approach consists in the necessity
containing compounds targeting the PTP active site of 4 hroquce an organic nitroxide radical derivative of a first
PTP1B and azide-containing compounds targeting an already”gand, which may be different for each target (Figure 1). A
known secondary aryl-phosphate binding site near the catalytic yyore practical approach consists in preparing first-site spin-
site. With these two types of fragments, a library of 66 |apeled compounds that are cross-reactive within different
compounds was synthesized and screened against different PTPg,e mibers of a protein family, such as protein kinases, as recently
obtammg one compounq with an d¢0f 5 uM for PTP1B and reportedt® or phosphatases, as we report in this work. Such
a selectivity of 5 to 25 times with respect to the rest of PTPS cpemical tools are then useful for the design and synthesis of

tested!: bidentate compounds with increased affinity but also specificity
for a given target. In fact, if specificity is a major issue, second-
*To whom correspondence should be addressed. Phone: (858) 646-site ligands that are specific for a given protein may be selected

3159. Fax: (858) 713-9925. E-mail: mpellecchia@burnham.org. i i ;
a Abbreviations: PTP, phosphotyrosine phosphatase; SAR, structure by performing the NMR screening against counter targets. Based

activity relationship; ILOE, interligand Overhauser effect; TEMPO, 2,2,6,6- ON these premises, we report herein the synthesis and charac-
tetramethylpiperidine 1-oxyl; WSC, water soluble carbodiimide. terization of novel furanyl-salicyl-nitroxide derivatives (Table
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Figure 1. Schematic representation of the second-site screening approach proposed to design potent and selective PTPase inhibitors. The approach
is based on the hypothesis that a pharmacophore for potent and selective PTP inhibitors would consist of a salicyl-furanyl moiety, as ph@sphotyrosin
mimicking scaffold, connected to a second-site binder whose nature would be different for various PTP targets.

Table 1. Chemical Structures and Measuredd®alues (M) for the Spin-Labeled Probes against Different PTPs
Compound YopH PTP1B HePTP TCPTP CD45 VHR

H H
N N
MeG
eiﬁ@/m%. >1,000 >1,000 >1,000 >1,000 >1,000 >1,000
%ij/\ﬂ/\/\ﬂ/\q 336 >1,000 >1,000 >1,000 >1,000 ~1,000
W{ﬁd >1,000 >1,000 >1,000 >1,000 >1,000 ~850
]\
HO O mN N-o"
"o 50 >1,000 >1,000 685 >1,000 241
2b

f T\ _/ o
HO o 0o 3.0 7.5 24 14 14 12
HO
3
HN N~o"
TN\_/ ©
o 0 47 >1,000 >1,000 >1,000 >1,000 ~1,000
02N
4a

HN N~O"
N Oqo

o 46 211 ~1,000 260 >1,000  ~200
NO,

1) as versatile probes for NMR-based second-site screening inperidine 1-oxyl (4-amino TEMPO) through an amide bond to

protein tyrosine phosphatases. the phosphotyrosine mimic (Figures 2 and 3).
. . The compound4ab were obtained through the synthesis of
Results and Discussion the intermediate carboxylic acids,b by the reaction between

Chemical Synthesis.The synthesis of all the nitroxide the anilinesbab and glutaric anhydride. A subsequent amide
compounds reported in Table 1 was accomplished employing formation with 4-amino TEMPO, employing water soluble
easy and straightforward synthetic schemes that included as thecarbodiimide (WSC) as activating agent, led to the stable radical
last step the attachment of the 4-amino 2,2,6,6-tetramethylpi- compoundslab (Figure 2).
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P2 11a: R=Me 12a: R=H
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Figure 2. Synthetic scheme for compounila,b and4ab: (i) glutaric anhydride (1 equivhab (2 equiv) in pyridine/DCM (1:1) under Nrt 16

h; (ii) 4-amino-TEMPO (2 equiv), WSC (1.1 equiv) in DCM/DMF (9:1);

(1 equiv) in THF under Ar; (iv) MeOH/Na@ 2 M (1:1) at 80°C, 2 h

i RO

84% Ho

(itpab (1 equiv), methyl diethyl phosphonoacetate (1.1 equiv), LIOH

i o ’ A H
62%
HO
7
OR v
| o\ Vi Y > 3

iv
8:R=Me — 9:R=H
88%

[N\
87% ° HNﬁ

2a: R=Me — 2b:R=H
52%
Figure 3. Synthetic scheme for compoun@sa,b and3: (i) 5-bromo-2-hydroxy-benzoic acid methyl ester (1 equiv), 5-formylfuran-2-ylboronic
acid (1.2 equiv), Pd(OAg)3 mol %), K:CO; (2.5 equiv), BUNCI (1 equiv) in HO/MeOH (1:1); (ii) methyl diethyl phosphonoacetate (1.1 equiv),
LiOH (1 equiv) in THF under Ar; (iii) 4-amino-TEMPO (1 equiv) in toluene with 5% AcOH o.n., then NgB¥ (1.1 equiv) in MeOH with 0.5%
HCI; (iv) MeOH/NaCH 2 M (1:1) at 80°C (9) for 2 h or rt 2a) for 16 h; (v) 4-amino-TEMPO (2 equiv), WSC (1.1 equiv) in DCM/DMF (9:1).

Compoundsgta,b were obtained from commercial aldehydes
10ab. A Horner—Wadsworth-Emmons reaction between these

an amide bond formation between the compo8iadid 4-amino
TEMPO, with a 46% vyield (Figure 3).

aldehydes and methyl diethyl phosphonoacetate afforded the Bjochemical Evaluation. To characterize the affinity of the

corresponding methyl esterklab in 89 and 83% yields,
respectively. After saponification and amide formation with
4-amino TEMPO in the presence of WSC, compouddd
were isolated (Figure 2).

The first synthetic step toward compoungab and com-
pound3 is the same in both cases. A Suzuki coupling between
the methyl 5-bromo-2-hydroxybenzoate and the 5-formylfuran-
2-ylboronic acid allowed us to obtain aldehydevith a 62%
yield. A reductive amination of this aldehyde with 4-amino
TEMPO afforded compoun@a with an 87% yield. Then,
compound2b was obtained after the saponification2d To
obtain compoun@®, a Horner-Wadsworthi-Emmons reaction
was done between aldehydeand the methyl diethyl phospho-
noacetate, obtaining the methyl diesBawith 84% vyield. This
compound was saponificated, obtaining the dicarboxylic acid
9 with 88% vyield. Knowing from previous experience in the
laboratory that the carboxylic acid of the salicylic acid moiety
is not particularly reactive, we could obtain compouhdfter

compounds, we tested their inhibitory activity against a diverse
panel of protein tyrosine phosphatases (Table 1). As it can be
seen, compound is the most cross-reactive, showing inhibition
constants in the range from 3:® (YopH) to 24uM (HePTP),
representing an ideal compound candidate for the second-site
screen in the proteins tested and presumably to many others
that have similar phosphotyrosine binding pocket characteristics.

To further characterize the binding of compowb protein
tyrosine phosphate binding pockets, we isolated the C-terminal
domain (340 residues) of the PTP YopH (468 residues) from
Yersinia pestisand monitored the effect of the ligand on
resonance intensities it®N, 'H] correlation spectra (Figure 4).
As it can be seen, the binding of compouhitb the C-terminal
domain of YopH causes selective broadening of several
resonance lines, presumably those located in the proximity of
the binding pocket of the protein as a result of their closeness
to the relaxation enhancer spin-labeled compound. In fact, the
main nuclear spin relaxation mechanism in proteins and small
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Figure 4. Effect of compound on the [N, *H] correlation spectra of the C-terminal domain of YopH. The spectra were recorded in the absence

(blue) or in the presence (red) of such compound. The expanded 2D regions (right) show disappearance or movement of some protein signals as
a consequence of ligand binding.

molecule binders derives from the dipeldipole interaction target would also result in decreased transverse relaxation times
between a given nucleus and surrounding spins. The magnitudeand thus reduce signal intensity (Figures 5B,C), the consequence
of this effect is proportional to the distance between the nucleus of close proximity with a spin-labeled compound has a much
of the spins and to the gyromagnetic ratio of the spins. The more dramatic effect (Figure 5D). Thus, it is possible to
unpaired electron possesses a gyromagnetic ratio that is 657.4liscriminate protein binders in the proximity of the spin-labeled
times that of a hydrogen nucleus, thus producing the most compound among nonbinders or even compounds that bind in
efficient relaxation effect even up to a5 A from a given different locations. Intriguingly, some of the identified com-
nucleus. As recently pointed out by Jahnke and co-worKers, pounds, for example the triazole derivative shown in red in
these data also further prove the utility of the chemical probes Figure 5A, largely resemble scaffolds that were used to obtain
in the identification of the binding site residues in isotopically potent bidentate PTP inhibitors discovered by the SAR by NMR
labeled protein samples, particularly when combined with approach:®

selective labeling of the targét. Finally, we have used In conclusion, we report here on the synthesis and charac-
compound3 to screen for fragments that are capable of binding terization of a series of furanyl-salicyl-nitroxide derivatives that
in adjacent pockets on the surface of the C-terminal domain of can be used as probes for NMR-based second-site screening in
YopH. This was accomplished by exposing a mixture of protein tyrosine phosphatases and to map PTP binding site

potential second-site binders (1 mM) to compo@&00uM) residues. Although it is clearly emerging that the misregulation
in the presence and absence of a substoichiometric amount off protein tyrosine phosphatase activity is associated with the
YopH (10 «M). One-dimensional (1DJH—T1, NMR experi- onset, development, and progression of several human malig-

ments are subsequently recorded, and the differential loss ofnancies, the discovery of novel, safe, and selective inhibitors
signal intensity is used to detect second-site binders. In fact, has not been as successful as for other enzymes, mainly due to
close proximity of any given second-site binder to the spin- the high degree of conservation of the phosphotyrosine binding
labeled compound will result in rapid nuclear spin relaxation pocket!” We believe that the reported spin-labeled probes and
of hydrogen nuclei of the compound with concomitant line the second-site screening approach proposed here may result
broadening in a simple 1BH NMR experiment. To amplify in the very useful development of novel, potent, and selective
this effect, the transvers#é! magnetization of the compounds lead compounds for further target validation and continued drug
is “locked” on thexy plane for 50 to 200 ms prior the acquisition = development.

of the 1DH NMR experiment. Such a technique is usually . ]

referred as a 7, measuremerif Figure 5A shows a typical Experimental Section

example of second-site binders that can be easily identified with  Chemistry. General Methods and Materials.Every chemical

this approach. While binding of a given compound to the protein was used as received from the specified supplier. Anhydrous
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o} reduce pressure, and the resultant oil was treated with diethyl ether
a OH O »_?‘NH; b a to give a light purple solid that was washed with a small amount
A b o™ Y NH; of cold ether (1.281 g, 52%}H NMR (300 MHz, DMSOdg) 6
¢ 'N p N c .O 1.70-1.85 (m, 2H, CH), 2.15-2.35 (m, 4H, C@H,CH,CH,-
! . @ d CO,H), 3.34 (br s, 1H, COM), 6.89 (d,J = 8.8 Hz, 1H, aromatic),
7.63 (dd,J; = 8.8 HzJ, = 2.5 Hz, 1H, aromaitic), 8.10 (d,= 2.5,
b bd 1H, aromatic), 9.85 (s, 1H, Pi), 11.01 (br s, 1H, C@H); 13C

NMR (75 MHz, DMSO4g) ¢ 21.1, 33.6, 35.9, 53.0, 53.4, 113.0,
117.9, 118.4, 120.3, 120.9, 127.8, 128.1, 131.9, 156.5, 171.2; MS
(ESI) m'z 268.1 [M + H]*; R (EtOAc) = 0.58.
B he | 5-(4-Carboxybutanamido)-2-hydroxybenzoic Acid 6b.To a
c "J I suspension of glutaric anhydride (1.053 g, 9.2 mmol) in 50 mL of
| [ pyridine—dichloromethane (1:1) under nitrogen was added the
' '\ I / |'|5 aniline5b (4.245 g, 27.7 mmol) as powder. The mixture was stirred
ﬂ ] at rt for 16 h under N After that time, the solvent was removed
) a \ , { \I A | \ under reduced pressure and diluted with EtOAc. The organic phase
ol \ IR \ was washed wit 2 N HCI, water, and brine and was dried over
L Y A U WA L b d\' M, N&SO,. The solvent was removed under reduced pressure, and the
' resultant oil was treated with diethyl ether to give a white solid
' f that was washed with a small amount of cold ether (1.165 g, 45%).
c I H NMR (300 MHz, DMSO#g) 6 1.70-1.85 (m, 2H, CH), 2.15~
b,c I 2.35 (m, 4H, C@H,CH,CH,CO,Me), 3.88 (s, 3H, C&Me), 6.92
b,c c | ‘ (d, J= 8.8 Hz, 1H, aromatic), 7.61 (dd; = 8.8 HzJ, = 2.5 Hz,
| 1H, aromatic), 8.13 (d] = 2.5, 1H, aromatic), 10.24 (s, 1H, PR}
a \ /\ | I ﬂ \ 13C NMR (75 MHz, DMSO¢) 6 21.1, 33.6, 35.9, 113.0, 117.6,
Vo \JU\ ' \ h ﬂ'l JW 118.0, 120.7, 121.4, 127.8, 128.3, 131.7, 157.6, 171.1, 172.4; MS
m A \ l] IH U (ESI)m/'z 282.1 [M + H]*; R (EtOAc) = 0.03.
ot SNV NS v \rns Compound 1a.To a solution of the carboxylic acifla (0.200
g, 0.75 mmol) in a mixture of anhydrous DCM/DMF (4:1; 5 mL)
D \ in an ice bath, WSC (0.158 g, 0.82 mmol) was added already
dissolved in the same previous solution (5 mL). After 30 min of
| agitation, the 4-amino TEMPO (0.256 g, 1.5 mmol) was added and

b.d . )
\ the reaction was allowed to reach room temperature to continue

b.c 1 / for 16 h. After this time, the solution was diluted with DCM (20
; ia s ‘\ c;. . \ ).' ‘|| ﬂ mL) and washed with 0.1 N HCI (& 20 mL), H;O (3 x 20 mL),
Y ‘J‘U L,' \ | and brine. The organic phase was dried oves3@ and filtered.
' PRV The solvent was then removed under reduced pressure to afford
0.146 g of an orange solid (45%). HRMS (ESI-TQ#Y calcd for
8.50 8.00 750 " s00 [M + H]*, 434.2291; found, 434.2285. Anal. Calcd for
1H [ppm] CaoH3N3Og: C, 60.81; H, 7.42. Found: C, 59.95; H, 7.22.
Compound 1b. The same procedure as before was employed
Figure 5. Example of second-site binders)(discovered by using  with the carboxylic acidb, obtaining a yellow solid (20%). HRMS
compound3 as a spin-labeled probe. The aromatic region of 10 T (ESI|-TOF) m/zcalcd for [M + H]*, 421.2207; found, 421.2194.
spectra of a mixture of 10 compounds (1 mM each) are repor®y: (  Anal. Calcd for GiH3NzOs: C, 59.99: H, 7.19. Found: C, 59.24:
in the presence of 500M of compound3; (C) in the presence of 10 H, 7.09.
#M of GST-YopH; and D) in the presence of both 500M of Methy! 5-(5-Formylfuran-2-yl)-2-hydroxybenzoate 7.5-Bromo-
compound3 and 10uM of GST-YopH. Letters indicate resonances 2-hydro)>/<yb¢(anzoatey(0.344 g,y1).4 m)r/nol),{’)-formylfuran-Z-yIboronic
from the compounds shown in panglin corresponding colors. The acid (0.25 g, 1.7 mmol), tetrabutylammonium chloride (0.405
adplitiqnal peak shown arou_nd 8.7 ppm comes from an analogue of the1 4 mrﬁol) p;allédium ac,etate (0.006 g, 2 mol %), and po.tassil?rh
quinoline compound (blue in pané) present in the mixture. carbonate (0.489 g, 3.5 mmol) were added to a 25 mL round-bottom
dimethylformamide (DMF) and anhydrous dichloromethane (DCM) flask. Then ethanol (4 mL) and deionized water (4 mL) were added
were purchased from AKROS Chemical. Ethyl acetate, hexane, andin this sequence, and the reaction was stirred vigorously for 3 h.
methanol were purchased from Fisher Scientific. Pyridine, toluene, After this time, the ethanol from the mixture was removed under
diethylether, tetrahydrofurane (THF), glutaric anhydride, methyl reduced pressure and diluted with water (15 mL). The product was
5-amino salicylate, 5-aminosalicylic acid, 5-bromo-2hydroxyben- extracted with EtOAc (3x 50 mL). The organic phase was then
zoate, 5-formylfuran-2-ylboronic acid, tetrabutylammonium chlo- stirred over charcoak{ 1 g) for 30 min and Ng5O, was added.
ride, palladium acetate, potassium carbonate, 4-amino TEMPO, The solution was filtered and concentrated to give a yellow oil.
sodium cyanoborohydride, methyl diethyl phosphonate, lithium The residue was purified by silica gel column chromatography,
hydroxide, 5-(4-nitrophenyl)-furfural, and 5-(3-nitrophenyl)-furfural  eluting with hexanes/EtOAc (4:1) to give 0.216 g of an off white
were all purchased from Sigma-Aldrich. The WSC was purchased solid (62%)."H NMR (300 MHz, CDC}) ¢ 4.09 (s, 3H, CGMe),
from Novabiochem, and the silica gel was purchased from Silicycle. 6.76 (d,J = 3.7 Hz, 1H, @& furanyl), 7.07 (dJ = 8.8 Hz, 1H,
1H and 13C NMR data were collected using a 300 MHz Varian aromatic), 7.33 (dJ = 3.7 Hz, 1H, ¢ furanyl), 7.89 (ddJ; =
apparatus. 8.7 HzJ, = 2.3 Hz, 1H, aromatic), 8.33 (d,= 2.3, 1H, aromatic),
5-(4-Hydroxy-3-(methoxycarbonyl)phenylamino)-5-oxopen- 9.63 (s, 1H, Ph@), 11.02 (s, 1H, EO); 3C NMR (75 MHz,
tanoic Acid 6a. To a suspension of the glutaric anhydride (1.053 DMSO-0s) 6 53.2, 53.5, 108.4, 108.6, 115.1, 119.2, 119.5, 120.9,
g, 9.2 mmol) in 50 mL of pyridine dichloromethane (1:1) under  126.9, 127.6, 132.5, 133.1, 161.3, 178.0, 178.4; MS (EfAtp47.1
nitrogen was added the anilida (4.630 g, 27.7 mmol) as powder. [M + H] *; R (hexanes/EtOAc (4:1)F 0.27.
The mixture was stirred at rt for 16 h undep.Mfter that time, Compound 2a. Compound7 (0.173 mg, 0.7 mmol) was
the solvent was removed under reduced pressure and diluted withdissolved in toluene (6 mL) with 5% acetic acid. Then the 4-amino
EtOAc. The organic phase was washedw@tN HCI, water, and TEMPO (0.124 g, 0.7 mmol) was added, and the reaction was
brine and was dried over Ma0O,. The solvent was removed under placed at 65C under N for 16 h. After this time, the solvent was
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removed under reduced pressure until dry. The residue wasand brine. The organic phase was dried ovesS@ and filtered.

dissolved in MeOH (10 mL), and NaBgEN (0.050 g, 0.8 mmol) The solvent was then removed under reduced pressure to afford

was added to the solution at°C. After this, another 3 mL of 0.4 0.049 g of a yellow solid (46%). HRMS (ESI-TORYz calcd for

M HCI in MeOH was added, and the reaction was allowed to stir [M + H]*, 428.1942; found, 428.1938. Anal. Calcd for

for 30 min at 0°C. The reaction was warmed up to rt for 30 min, CyH,/N.Os: C, 64.62; H, 6.37. Found: C, 64.23; H, 6.56.

and the solvent was removed under reduced pressure until almost (E)-Methyl 3-(5-(4-Nitrophenyl)furan-2-yl)acrylate 1la. A

dry. The residue was diluted with water (20 mL)da® M NaOH suspension of aldehyd&0a (0.5 g, 2.3 mmol), methyl diethyl

was added until pH 7. The product was extracted with chloroform phosphonoacetate (0.485 mL, 2.5 mmol), and LiOH (0.062 g, 2.5

(3 x 30 mL). The organic phase was dried ovep8@, and filtered, mmol) in THF (10 mL) was stirred at rt under Ar for 4 h. After the

and the solvent was removed under reduced pressure. The residuasual workup, purification by silica gel column chromatography

was purified by silica gel column chromatography, eluting with a with hexanes/EtOAc (4:1) as eluent was done to give 0.56 g of a

gradient from hexanes/EtOAc (4:1) to hexanes/EtOAc (1:4) to give yellow solid (89%).'H NMR (300 MHz, DMSOs¢g) 6 3.75 (s,

0.244 g of an orange oil (87%). HRMS (ESI-TO#/yjz calcd for 3H, 3H, CH=CHCO,Me), 6.55 (d,J = 15.8 Hz, 1H, GI=CHCO,-

[M + H]*, 402.2149; found, 402.2141. Anal. Calcd for Me), 7.16 (d,J = 3.6 Hz, 1H, CH furanyl), 7.47 (d] = 6.3 Hz,

CoHooN,Os: C, 65.82; H, 7.28. Found: C, 66.04; H, 7.2R. 1H, CH furanyl), 7.53 (dJ = 15.8 Hz, 1H, CH=CHCO,Me), 8.11

(EtOAc/MeOH (4:1))= 0.48. (d, J= 8.9 Hz, 1H, aromatic), 8.30 (d,= 8.8 Hz, 1H, aromatic);
Compound 2b.Compounda (0.1 g, 0.25 mmol) was dissolved  3C NMR (75 MHz, DMSO¢) 6 52.2, 52.5, 113.5, 116.7, 117.0,

in MeOH (3 mL) and cooled to OC. NaOH (2 N, 3 mL) was 119.2,119.5,124.8,125.3,125.4, 126.0, 131.2, 131.4, 135.6, 152.3,

added dropwise over a period of 10 min, and the reaction was placed167.1; MS (ESI)m/z 274.1 [M + H]*; R (hexanes/EtOAc (4:1))

at rt for 16 h. After this time, MeOH was removed under reduced = 0.83.

pressure and water (15 mL) was added. Extractions with EtOAc  (E)-Methyl 3-(5-(3-Nitrophenyl)furan-2-yl)acrylate 11b. The

(2 x 15 mL) were done, and the pH of the water solution was same procedure as before was employed with the aldeh§te

acidified to 6. Then the product was extracted with EtOAcx(3 obtaining a yellow solid (83%)H NMR (300 MHz, DMSO¢) ¢

15 mL). The organic solution was dried over 88, and filtered. 3.74 (s, 3H, CH=CHCOMe), 6.54 (d,J = 15.8 Hz, 1H,

The solvent was removed under reduced pressure to give a yellowCH=CHCO,Me), 7.14 (d,J = 3.5 Hz, 1H, CH furanyl), 7.45 (d,

solid (0.051 g) in 52% yield. HRMS (ESI-TORFyz calcd for [M J= 3.6 Hz, 1H, CH=CHCO;Me), 7.52 (d,J = 15.8 Hz, 1H, CH

-+ H]*, 388.1993; found, 388.2002. Anal. Calcd fo$;8,7N2O0s: furanyl), 7.76 (tJ = 8.0 Hz, 1H, aromatic), 8.19 (dd; = 8.1 Hz,
C, 65.10; H, 7.02. Found: H, 7.35; C, 63.8%. (EtOAc/MeOH J, = 1.5 Hz, 1H, aromatic), 8.30 (dd; = 8.1 Hz,J, = 1.6 Hz,
(4:1)) = 0.07. 1H, aromatic), 8.60 (tJ = 1.6 Hz, 1H, aromatic)3C NMR (75

(E)-Methyl 2-hydroxy-5-(5-(3-methoxy-3-oxoprop-1-enyl)fu- MHz, DMSO-dg) 6 52.1, 52.4, 111.8, 116.2, 119.0, 119.3, 123.2,
ran-2-yl)benzoate 8.A suspension of aldehyde (0.125 g, 0.51 123.8,130.6, 131.1, 131.2, 131.4, 131.6, 149.2, 151.5, 164.6, 167.2;
mmol), methyl diethyl phosphonoacetate (0.105 mL, 0.56 mmol), MS (ESI)m/z274.2 [M+ H]*; R (hexanes/EtOAc (4:1)F 0.83.
and LiOH (0.014 g, 0.56 mmol) in THF (10 mL) was stirred at rt (E)-3-(5-(4-Nitrophenyl)furan-2-yl)acrylic Acid 12a. To solu-
under Ar for 4 h. After the usual workup, purification by silica gel tion of compoundlla (0.4 g, 1.5 mmol) in MeOH (10 mL) at 0
column chromatography with hexanes/EtOAc (6:1) as eluent was °C was added dropwés2 N NaOH (10 mL). After the addition,
done to give 0.128 g of a pale yellow solid (84%) NMR (300 the solution was warmed up to rt and then it was heated t2C30
MHz, DMSO-ds) 6 3.72 (s, 3H, C@Me), 3.93(s, 3H, C@Me), 6.34 for 2 h. After the reaction was cooled down, it was acidified to pH
(d,J=15.7 Hz, 1H, GI=CHCQO,Me), 7.05-7.06 (m, 2H, furanyl), 6 after dilution with water (20 mL). The methanol was removed
7.08 (d,J = 8.7 Hz, 1H, aromatic), 7.47 (d] = 15.7 Hz, 1H, under reduced pressure, and the product was extracted with EtOAc
CH=CHCO,Me), 7.97 (ddJ, = 8.7 HzJ, = 2.3 Hz, 1H, aromatic), (3 x 20 mL). The organic phase was dried ovep8{@, and filtered,

8.13 (d,J = 2.3 Hz, 1H, aromatic), 10.69 (br s, 1H, PHD *C and the solvent was removed under reduced pressure. Purification
NMR (75 MHz, DMSO4g) 4 52.0, 52.3, 53.1, 53.5, 108.3, 108.7, by silica gel column chromatography, with hexanes/EtOAc (4:1)
114.3,114.6,114.8, 118.9,119.3, 119.7, 121.8, 125.9, 126.6, 131.6as eluent, afforded 0.345 g of a pale orange solid (91PANMR
132.4, 150.2, 155.3, 160.5, 167.3, 169.2; MS (E8Y 303.1 [M (300 MHz, DMSO#) 6 6.46 (d,J = 15.7 Hz, 1H, G®iI=CHCQ,H),

+ H] *; R (Hexanes/EtOAc (4:1)F 0.49. 7.13 (d,J = 3.6 Hz, 1H, CH furanyl), 7.44 (d) = 15.6 Hz, 1H,
(E)-5-(5-(2-Carboxyvinyl)furan-2-yl)-2-hydroxybenzoic Acid CH=CHCO.H), 7.46 (d,J = 3.6 Hz, 1H, CH furanyl), 8.10 (dJ
9. To suspension of compourgi(0.1 g, 0.33 mmol) in MeOH (5 = 8.9 Hz, 1H, aromatic), 8.30 (d,= 9.0 Hz, 1H, aromatic)}3C

mL) at 0 °C was added dropwés2 N NaOH (5 mL). After the NMR (75 MHz, DMSO+) 6 113.5, 118.3, 118.5, 118.8, 124.8,
addition, the solution was warmed up to rt and then it was heated 125.2, 125.4, 125.5, 130.8, 131.7, 152.5, 168.0; MS (Ef4260.1
to 80°C for 2 h. After this time, the reaction was cooled down and [M + H]*; R (hexanes/EtOAc (1:1)F 0.46.

the methanol was removed under reduced pressure. The solution (E)-3-(5-(3-Nitrophenyl)furan-2-yl)acrylic Acid 12b. The same
was diluted with water (20 mL), and extractions with EtOAcx2 procedure as before was employed with the compoaid
15 mL) were done. The water solution was then acidified to pH 5, obtaining a yellow solid (93%)}H NMR (300 MHz, DMSO¢g) 6
and the product was extracted with EtOAc 315 mL). The 6.45 (d,J = 15.8 Hz, 1H, G¢I=CHCOH), 7.10 (d,J = 3.6 Hz,
organic phase was dried over J8©, and filtered, and the solvent  1H, CH furanyl), 7.43 (dJ = 3.7 Hz, 1H, CH furanyl), 7.45 (dJ
was removed under reduced pressure, affording 0.080 g of a yellow= 15.7 Hz, 1H, CH=CHCO,H), 7.76 (t,J = 8.0 Hz, 1H, arom),
solid (88%).'H NMR (300 MHz, DMSO#¢g) 6 6.27 (d,J = 15.7 8.19 (dd,J; = 1.3 Hz,J, = 8.4 Hz, 1H, arom), 8.30 (dd; = 1.3
Hz, 1H, AH=CHCGQ;H), 6.95-7.10 (m, 3H), 7.40 (dJ = 15.7 Hz, J, = 8.3 Hz, 1H, arom), 8.58 (t] = 1.4 Hz, 1H, arom)3C
Hz, 1H, CH=CHCO.H), 7.97 (dd,J; = 8.7 Hz,J, = 2.3 Hz, 1H, NMR (75 MHz, DMSO+4g) 6 111.8, 117.8, 118.1, 118.3, 118.8,
aromatic), 8.16 (dJ = 2.3 Hz, 1H, aromatic):3C NMR (75 MHz, 119.3,123.1,123.7, 130.5, 131.0, 131.2, 131.5, 151.7, 153.3, 168.0;
DMSO-dg) 6 108.1, 108.5, 114.3, 115.9, 116.2, 118.6, 119.0, 121.7, MS (ESI) Wz 260.1 [M + H] *; R (hexanes/EtOAc (1:1)F
126.0, 126.7, 131.1, 150.3, 155.1, 161.8, 168.1, 172.1; MS (ESI) 0.45.

m/z 275.0 [M+ H] *; R (EtOAc) = 0.1. Compound 4a.To a solution of the carboxylic aciti?a (0.133
Compound 3.To a solution of the dicarboxylic aci@(0.070 g, g, 0.51 mmol) in a mixture of anhydrous DCM/DMF (4:1; 5 mL)
0.25 mmol) in a mixture of anhydrous DCM/DMF (4:1; 3 mL) in  in an ice bath WSC (0.108 g, 0.56 mmol) was added already
an ice bath WSC (0.054 g, 0.28 mmol) was added already dissolveddissolved in the same previous solution (5 mL). After 30 min of
in the same previous solution (2 mL). After 30 min of agitation, agitation, the 4-amino TEMPO (0.205 g, 1.02 mmol) was added,
the 4-amino TEMPO (0.087 g, 0.51 mmol) was added, and the and the reaction was allowed to reach room temperature and
reaction was allowed to reach room temperature and to continuecontinue for 16 h. After this time, the solution was diluted with

for 16 h. After this time, the solution was diluted with DCM (20 DCM (20 mL) and washed with 0.1 N HCI (8 20 mL), H,O (3
mL) and washed with 0.1 N HCI (% 20 mL), H,O (3 x 20 mL), x 20 mL), and brine. The organic phase was dried oveiSa
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and filtered. The solvent was then removed under reduced pressureeompounds (1 mM) was tested in the presence of comp8¢&a0

to afford 0.068 g of an orange solid. HRMS (ESI-TQRy calcd uM). Compounds were tested in mixtures of 10 compounds and

for [M + H]*, 413.1945; found, 413.1941. Anal. Calcd for hits further deconvoluted aided by the 1D NMR spectra of the

CoH2eN3Os: C, 64.06; H, 6.35. Found: C, 63.67; H, 6.61. individual compounds of the library (Maybridge). For the ZBI{
Compound 4b. The same procedure as before was employed *N]-HSQC experiments in Figure 4, samples of 280 of YopH-C

with the carboxylic acid 2b obtaining a yellow solid (27%). HRMS  were used to acquire the spectra in the absence and in the presence

(ESI-TOF)m/z calcd for [M + H]*t, 413.1945; found, 413.1943.  of compound3 (500 uM).

Anal. Calcd for G,Ho6N3Os: H, 6.35; N, 10.19. Found: H, 6.41;
N, 9.94.

Expression and Purification of Recombinant YopH N- and
C-Terminal Domains. Soluble recombinant uniformfN-labeled
YopH is expressed irE. coli (BL21-DE3) as GST-fusion in
minimal-media (with 0.5 g of>NH,CI per liter as sole source of
nitrogen). The GST-YopH was purified from clarified lysates using

glutathione-Sepharose beads (GE Healthcare) according to manu-

facturer's recommendations. The eluted GST-YopH was dialyzed
agains$ 5 L of dialysis buffer (30 mM TRIS, 150 mM NaCl) and

a second time in dialysis buffer with 1 mM DTT. In the case of
the C-terminal domain of YopH, after the first dialysis, the protein
was subjected to thrombin cleavage (Thrombin Cleancleave KIT,
Sigma-Aldrich, St Louis, MO) for 16 h at £C, following
manufacturer’'s recommendations. In addition to the thrombin

cleavage site between GST and YopH, a second cleavage site was ®)

found between the N- and the C-terminal domains (sequence
126GARGHV131). The three components (GST, YopH{28),
and YopH(129-468)) were separated by a second glutathione-
Sepharose purification (to eliminate GST). Pure YopH N- and
C-terminal domains were further isolated by passing the elutes
through a Sephacryl S-100 gel-filtration column pre-equilibrated
with the dialysis buffer. The protein sequences of both domains
were further confirmed by tryptic digestion, followed by MALDI-
TOF analysis.

Enzyme Inhibition Assay. The phosphatase-catalyzed hydrolysis
of p-nitrophenyl phosphatelPP; Sigma-Aldrich, St Louis, MO)
in the presence of compounds in DMSO (5% final concentration)
was assayed at 3€ in 0.15 M bis-Tris buffer, pH 6.0, having an
ionic strength of 150 mM (adjusted with NaCl) and containing 1.0
mM dithiothreitol in a 100uL 96-well plate format. YopH
(expressed and purified as reported befoves at 10 nM, PTP1B
(BIOMOL International, L.P., Plymouth Meeting, PA) was at 25
nM, HePTP (gift of Dr. Rebecca Page, Brown University) was at
75 nM, TCPTP (BIOMOL International, L.P., Plymouth Meeting,
PA) was at 12 nM, CD45 (BIOMOL International, L.P., Plymouth
Meeting, PA) was at 5 nM, and VHR (expressed and purified as
reported beforé} was at 50 nM. Compound concentrations were
0.0128, 0.064, 0.32, 1.6, 8, 40, 200, and 1000. After preincu-
bation of enzyme and compound for 10 min at room temperature,
pNPP was added and the reaction mixture was incubated for 20
min at 30°C. The initial reaction rate at a fixqgNPP concentration,
which was equal to the correspondig value of 1 mM for YopH,
PTP1B, TCPTP, and CD45, 2.5 mM for HePTP, and 1.5 mM for
VHR, was determined using a ELx808 micro plate reader (Bio-
Tek Instruments, Inc., Winooski, VT), measuring absorption of the
cleavage producp-nitrophenol at 405 nm after quenching the
reaction with 10QuL of 1 M NaOH. Nonenzymatic hydrolysis of
the substrate was corrected by measuring the control without
enzyme. Gy values were determined by plotting the relative activity

versus inhibitor concentration using Prism (GraphPad Software, San

Diego, CA) and fitting to the equatiowi/Vo = I1Cs¢/(ICso + [I1),
whereV; was reaction velocity at inhibitor concentratiolj, [Vo
was the reaction velocity without inhibitor, ands§>= K; + K;-
[S/Km, whereK; is the dissociation constant for binding of inhibitor
to enzyme, § is the substrate concentration, amg, is the
Michaelis—Menten constant.

NMR Spectroscopy.NMR spectra were acquired on a 500 MHz
or 600 MHz Bruker Avance spectrometer equipped with a Bruker
TXI probe (500) or a TCI-Cryoprobe (600). All 14 experiments
were carried out with samples containing unlabeled GST-YopH at
a concentration of 1@M. 1D Ty, experiments were measured with
a spin-lock time of 100 ms, a recycle delay of 1.5 s, and water
suppression based on the Watergate sequénkdibrary of 200
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