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ABSTRACT: Utilizing structure-based design, we have previously demonstrated that it is possible to obtain
selective inhibitors of protein-tyrosine phosphatase 1B (PTP1B). A basic nitrogen was introduced into a
general PTP inhibitor to form a salt bridge to Asp48 in PTP1B and simultaneously cause repulsion in
PTPs containing an asparagine in the equivalent position [Iversen, L. F., et al. R@)0) Chem 275,
10300-10307]. Further, we have recently demonstrated that Gly259 in PTP1B forms the bottom of a
gateway that allows easy access to the active site for a broad range of substrates, while bulky residues in
the same position in other PTPs cause steric hindrance and reduced substrate recognition capacity [Peters,
G. H., et al. (2000). Biol. Chem 275, 18201-18209]. The current study was undertaken to investigate

the feasibility of structure-based design, utilizing these differences in accessibility to the active site among
various PTPs. We show that a general, low-molecular weight PTP inhibitor can be developed into a
highly selective inhibitor for PTP1B and TC-PTP by introducing a substituent, which is designed to address
the region around residues 258 and 259. Detailed enzyme kinetic analysis with a set of wild-type and
mutant PTPs, X-ray protein crystallography, and molecular modeling studies confirmed that selectivity
for PTP1B and TC-PTP was achieved due to steric hindrance imposed by bulky position 259 residues in
other PTPs.

Protein-tyrosine phosphatases (PTRsg a diverse family  due to the demonstrated pivotal roles of PTPs as regulators
of enzymes that are critically involved in the regulation of of key signaling pathways and consequently their potential
signal transduction processes (reviewed in tefad2). Both as drug targetsl{). In addition, significant progress in our
positive and negative effects on signal transduction have beerunderstanding of the molecular basis for substrate and
attributed to specific PTPs. As an example, CD45 has beeninhibitor recognition by PTPs1@) allows structure-based
found to be essential for activation of T lymphocyt&s, ( drug design approaches to be utilized in this fiel@)(
whereas several enzymes have been proposed to be negative pjignment of 113 full-length mammalian PTPs in com-
regulators of insulin signaling, including P&R4, 5), PTP-  pination with a so-called € variation score analysis indicates
LAR (6), and PTP1B, 8). In particular, the intracellular  that the combination of residues 47, 48, 258, and 259 (PTP1B
PTP1B has recently received much attention in the latter nympering, which is used throughout) constitutes a region
respect. Independent results from two research groups havenat can be addressed for synthesis of selective PTP inhibitors
demonstrated that PTP1B knockout mice exhibit not only (14). Using structure-based design, guided by PTP mutants
increased insulin sensitivity but also resistance to diet- anq X-ray protein crystallography, we have recently shown
induced obesityq, 10). _ that it is possible to obtain a high degree of inhibitor
_ Considerable effort has recently been directed toward selectivity for PTP1B15). This was achieved by introducing
identification and design of selective PTP inhibitors. Thisis g pasic nitrogen in the inhibitor core structure, resulting in
formation of a salt bridge to the carboxy group of Asp48 in
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Table 1: Amino Acid Residues in Positions 48, 258, and 259 (PTP1B Numbering)
residue PTP1B TC-PTP SHP-1 PTPH1 RTP PTR CD45 PTP-LAR PTRB GLEPP-1

48 Asp Asp Asn Asp Asn Asn Asp Asn Asn Asn
258 Met Met Ser Ala Cys Pro Cys Asn Val Met
259 Gly Gly Gly Met GIn GIn Leu Tyr His Ser

to the active site or “region 258-259”. It is positioned
between Arg24 and GIn262, with Gly259 and Met258
forming the bottom of this cleftlike part of the enzyme. Since
many PTPs have bulky side chains in position 259 and 1 2 3
consequently restricted substrate recognition (see Table 1),

we initiated this study to determine if the structural differ- O _on Oy oH OM
ences imposed by residue 259 could be employed in a novel 4 f
structure-based approach to make selective inhibitors for B N o B N o s B N o
PTP1B. e 08 P& <

EXPERIMENTAL PROCEDURES 4 5 6

Cloning, Expression, and Purificatiothe following PTP
domains were cloned, expressed, and purified as described O\ oH
previously (5 17): PTP1B, SHP-1, PT® domain 1
(PTRuD1), PTRD1, CD45D1D2, PTP-LARD1D2, and
PTR3. cDNAs encoding TC-PTP (residues-314) (18),
PTPHL1 (residues 634914) (19), and GLEPP1 (residues o

885—-1188) R0) were obtained by polymerase chain reaction f\
|

access to the active site for a broad variety of substrates. Q OH O\ oM
We have termed this part of PTP1B the “258/259 gateway” H H
N O >N o
S
O OH 0O OH

using primers with convenient cloning sites and appropriate
cDNA templates. The following PTP mutants were generated
by overlap extension polymerase chain reaction using ap-
propriate restriction sites for cloning purpos2g)( PTP1B 7
to PTPHL, (i) G259M; and PTPHL1 to PTP1B, (ii) M259G. Ficure 1: Chemical structures.
The following PTP1B and PTdmutants were generated as
described previousiyl6—17): PTP1B to PTR, (iii)) G259Q; inhibitor constantsk; (expressed in micromolar), are deter-
and PTR to PTP1B, (iv) Q259G. All constructs were mined by replotting the appareldt, values as a function of
inserted into pGEX expression vectors, expressed, andthe inhibitor concentratior2@). Experiments were repeated
purified as described previouslg?). All coding sequences if the correlation coefficienR? was less than 0.98. Similar
were confirmed by DNA sequencing. For X-ray protein results were obtained independently with a three-component
crystallography, the cDNA encoding the first 321 amino acids buffer system24, 25) consisting of Tris, Bis-Tris, and acetate
of PTP1B was inserted into the pET11a expression vector. (ionic strength of 100 mM) at pH 7.0 containing 0.1%
PTP1B was purified in a two-step procedure: affinity (w/v) human serum albumin and 5 mM dithiothreitol (not
purification using solid-phase-coupled compou@id(see shown).
Figure 1) followed by anion exchange chromatography Crystallization. An approximately 10 mg/mL PTP1B
(unpublished experiments). protein solution in 10 mM Tris (pH 7.5), 25 mM NacCl, 0.2
Determination of Inhibitor Constant§he enzyme reac- mM EDTA, and 3 mM DTT was used for crystallization.
tions were carried out in microtiter plates at 25 essentially Crystals were grown by the hanging drop vapor diffusion
as described previoushL 7). In brief, appropriately diluted  method. A 1:10 [PTP1B/compounti(see Figure 1)] molar
inhibitors (three or four different concentrations such as ratio mixture was prepared at leédsh prior to crystallization.
undiluted and diluted 3-, 9-, and 27-fold) were added to the Two microliters of the PTP1B/compound solution was
reaction mixtures containing seven different concentrations mixed with 2uL of reservoir solution consisting of 0.1 M
of the substratep-nitrophenyl phosphate (range of 0-:31  HEPES buffer (pH 7.5), 0:20.4 M sodium acetate or
20 mM, final assay concentration). The assay buffer was 50 magnesium acetate, and-126% PEG 8000. The reservoir
mM 3,3-dimethylglutarate, 1 mM EDTA, 1 mM dithiotreitol, volume was 1 mL. Crystals grew to a size of 0.3 mn®.3
and 0.1% (w/v) human serum albumin with the ionic strength mm x 0.1-0.3 mm over 1 week.
adjusted to 0.15 M with addition of NaCl (final assay Data Collection.One crystal was used for data collection,
concentrations, total volume of 104.) (22). The reactions and diffraction data were collected at 100 K. The following
were started by addition of enzyme and quenched by additioncryo conditions were used. To the hanging drop was added
of sodium hydroxide, and the enzyme activity was deter- 3 uL of 50% glycerol (containing 0.5 mmol of compound
mined by measurement &f,os with appropriate corrections 7). The crystal was removed from the drop after approxi-
for the absorbance of the substrate and inhibitors. The datamately 20 min and transferred to 50% glycerol (containing
were analyzed using a nonlinear regression hyperbolic fit to 0.5 mmol of compound?) and flash-frozen. Data were
classical MichaelisMenten enzyme kinetic modes. The collected using a Mar345 image plate detector on a rotating
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Table 2: Statistics of X-ray Data and Structure Refinements
P3121

space group

unit cell parameters a=b=288.3A,c=103.6A
completeness (262.50 A) 98.9%
completeness (2.542.50 A) 97.5%
multiplicity (20—2.50 A) 4.1
Rmerge(20—2.50 A) 9.1%
Rmerge(2.54-2.50 A) 30.2%
M/o(1)(20—2.50 A) 10.1
Mo(1))(2.54-2.50 A) 3.1

no. of unique reflections 16416
no. of atoms in structure 2594
R-factor 18.9
Rired’ 27.0

rms deviations from idealized geometry

bond lengths (&) 0.018
bond angles (deg) 3.7
dihedral angles (deg) 2.2

aR-factors were calculated using all data from 6 to 2.50 A.
Crystallographic R-factor = ¥ qlIFol — [Fell/3 qplFol. ® Riee =
> knetl [Fol — [Fell/¥ nrper| Fol, where T is a test set containing a random
5% of the observations omitted from the refinement process.

anode (RU300, Cu &, 50 kV and 80 mA) equipped with
an Osmic multilayer mirror system. A°loscillation per

Iversen et al.

energy minimum or other local minima. The MMFF force
field as implemented in MacroModel was employed with
default settings. All calculations were carried out on an SGI
challenge computer. First, the conformational space was
searched using the Monte Carlo multiple meth8@)(The
energy minimizations were carried out using the truncated
conjugate algorithm using a model for aqueous solution [i.e.,
a generalized Born, solvent accessible surface area continuum
dielectric solvation modeB(l)]. The conformational searches
were continued until all low-energy minima had been found
multiple times. Second, the energy of the ligand in the
conformation observed in the X-ray structure was estimated.
The crystallographic structure was partially relaxed in the
force field. A set of heavy atoms was tethered to the
crystallographic positions by harmonic flat-bottomed Car-
tesian constraints. The flat-bottomed radius was 0.3 A, i.e.,
the distance each atom is allowed to move from the tether
position before an energy penalty is applied. At larger
distances, a harmonic penalty function with a force constant
of 500 kJ mot! A-2 was applied. The two carboxylic acid
groups of compound were omitted in the calculations since
no structural variations have ever been observed in these parts

image was used for 70 images. A data set to 2.5 A resolutionof the inhibitors (5—17).

was obtained. The space group was determined #33€1.

A database search in IsoStaB2] was conducted to

Data processing was performed using Denzo, Scalepack, angxamine the frequency of observed short distances between

the CCP4 program suit6, 27).
RefinementsAs theP3121 space group contains a polar

sulfone oxygens and carbonyls, carbon, and sulfate atoms.
IsoStar is a library of information about intermolecular

axis and thus possesses more than one indexing possibilityjnteractions based on experimental information from the

a molecular replacement solution using Ama2g, 28) was
determined prior to the refinements. A high-resolution
PTP1B structure was used as a starting mod@), (with
ligand and water molecules omitted from the structure. All
refinements were performed with Xplor version 3.851
[Molecular Simulations Inc. (MSI)]. Interchanging cycles of
model building using X-build (MSI) and refinement were
performed. The B, — F. maps were inspected by the use
of X-ligand (MSI) at a 1.0 level for densities that could
correspond to the structures of compouhdAn electron
density map well suited for compourtdwas identified in
the active site pocket. No other densities were identified to
fit compound?7. Water molecules were inserted using the
X-solvate program (MSI). The graphical interface that was
used was Quanta (MSI). For further details, see Table 2.

Compound Synthesi§he preparation of compourithas
been described previousl¥g). 2-Amino-7-(hydroxymethyl)-
4,7-dihydro-%1-thieno[2,3€]pyran-3-carboxylic acidtert-
butyl ester was coupled under Mitsunobu conditions with
1,1-dioxo-1,2-dihydro-#-benzofllisothiazol-3-one (saccha-
rine), affording 2-amino-7-(1,1-dioxoHt:benzofl]isothiazol-
3-yloxymethyl)-4,7-dihydro-B-thieno[2,3€]pyran-3-car-
boxylic acid tert-butyl ester as an oil, which was reacted
with midazol-1-yl oxoacetic acitert-butyl ester, affording
2-(tert-butoxyoxalylamino)-7-(1,1-dioxoH-benzofllisothia-
zol-3-yloxymethyl)-4,7-dihydro43-thieno[2,3€]pyran-3-car-
boxylic acidtert-butyl ester as an oil. Treatment of the bis-
tert-butyl ester with 50% TFA in dichloromethane afforded
7-(1,1-dioxo-H-benzofllisothiazol-3-yloxymethyl)-2-(oxa-
lylamino)-4,7-dihydro-Bi-thieno[2,3€]pyran-3-carboxylic acid
(compound?) as a solid: mp 234236 °C.

Molecular Modeling.The molecular mechanics package
MacroModel @9) was used to evaluate the conformational
energy of the bound ligand structure relative to the global

Cambridge Structural Database and the Protein Data Bank.

RESULTS

Whereas a glycine in position 259 in PTP1B and TC-PTP
leads to easy accessibility to the active site and concurrent
broad substrate binding capacity, many other PTPs with
bulky side chains in the equivalent position are rather limited
in their capacity to recognize substrates (see Tabld @) (
Therefore, we reasoned that these observations could be used
in structure-based design of inhibitors that are selective for
PTP1B and TC-PTP. We have recently shown that com-
pounds containing two carboxy groups bound, directly or
via a carbonylamino group, to an aromatic ring will function
as general PTP inhibitors (Figure 1, compourdand 2)

(17). In agreement with observations made on phosphonate-
based PTP inhibitors by other83), we found that an
additional aromatic or saturated ring significantly increased
the general potency (Figure 1, compouBdmd4) (15, 17).

On the basis of X-ray protein crystallographic studies of
PTP1B complexed with these inhibitors, such fused ring
systems containing the above carboxy groups seemed to be
suitable starting points for structure-based design of inhibitors
addressing region 258-259 of PTP1B.

Selection of the Synthetic Scaffold and Inhibitor Design.
We hypothesized that an appropriate substituent in position
5 of compound3 or in position 7 in compoundé—6 would
be able to bind in region 258-259 of PTP1B and other PTPs
with an open 258/259 gateway, whereas such inhibitors
would be prevented from binding to PTPs with bulky side
chains in position 259 due to steric hindrance. Consequently,
such inhibitors should have improved affinity for PTP1B and
TC-PTP and almost the same or lower affinity as the parent
compounds (without substituents) against PTPs with a
blocked 258/259 gateway.
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Table 3: K; Values (M) at pH 7.0

wt PTP1B PTP1B wt PTRx wt  PTPH1
PTP1B G259Q G259M PTRx Q259G PTPH1 M259G 12 4

compounds 84 486 329 >500 128 246 121
compound? 0.6 108 53 >500 58 91 19

10

Incorporation of a basic nitrogen into 2-(oxalylamino)-
4,5,6,7-tetrahydrobenzgfhiophene-3-carboxylic acid (Fig-
ure 1, compound) results in a highly selective inhibitor of
PTP1B, compoun@, due to formation of a salt bridge with
Asp48 (15). In accordance with the above predictions,
introduction of an appropriate substituent into position 7 of
compounds should result in inhibitors that address the 258/ 4 1
259 gateway. However, since compoubig already highly
selective for PTP1B, a scaffold without the basic nitrogen
(i.e., compound3, 4, or 5) would be required to allow
unequivocal evaluation of the influence of substituents that

1/0D 405

could address the 258/259 gateway with respect to selectivity. 0 T T T

The lessons learned from these scaffolds can probably be 0 0.5 1 15 2
used to further optimize other synthetic starting points, such 1/[pNPP] (mM™")

as compound, and hence lead to compounds with even

hiah lectivi Ficure 2: Compound? is a classical, competitive inhibitor of
igher potency and selectivity. PTP1B. Michaelis-Menten curves: [{)) no addition of compound

Comparison of compounds-5 against a set of wild-type 7 and @) 0.33, @) 1, and @) 3.0 «M compound?.

(wt) PTPs revealed almost identical inhibitory profiles, and asparagine in the 48 position, such as ®TRthough
therefore, all three constitute potentially suitable synthetic .« 'is an attractive approach for selectivity against “Asn4s-
scaffolds (5] not shown). However, closeri_nspection of the PTPs”, it should be noted that several PTPs contain an
crystal structure of PTP1B complex_ed with com_p_odhd aspartic acid in position 48. Therefore, to analyze if the
revealed that introduction of a substituent at position 5 of current approach based on steric hindrance is generally
this compound most likely would lead to steric collision with applicable, we decided to include a PTP with an Asp in
lle219 and.VaI49 (not shown).. In contrast, provided that the position 48 (“Asp48-PTPs”). PTPH1, which like PTP1B is
saturated ring of compourtslis in a twisted boat conforma- o intracellular enzyme with one catalytic domain only, was

tion with the oxygen atom pointing upward, position 7 pelected as a representative for these enzymes. Of note,
substitutions should lead to compounds addressing the 258¢iq,e 259 in PTPH1 is a methionine similar in size to the

259 gateway of PTP1B. Due to the above and to the ease iy ;tamine in PTR. Therefore, although the crystal structure

synthesis, compoun® was subsequently selected as a ot pTpH1 is not available, we hypothesized that the 258/
scaffold for further synthesis. 259 gateway in PTPH1 would be blocked as in BTPn
Our aim was to make inhibitors that would “pass through” the other hand, the adjacent residue 258 is an alanine that
the 258/259 gateway and simultaneously bind to the side might allow more rotational freedom of Met259 in PTPH1
chains or main chain structures in the vicinity of residue 259. than of GIn259 in PTR with its neighboring Cys258.
In particular, we wanted to address the conserved GIn262 The inhibitory profile of compound was compared with
side chain and the hydrophobic pocket around Met258 in that of the parent compouri(Table 3). In agreement with
PTP1B. Several compounds were synthesized. The structureyur previous findings with low-molecular weight inhibitors
of one of these, compound, is shown in Figure 1. In  (16), introduction of bulky side chains in position 259 in
comparison with the parent compoung),(this inhibitor ~ PTP1B (corresponding to P&@Pand PTPH1, respectively)
exhibited an apprOXimatE|y 100-fold increase in afflnlty for causes On|y a modest—-fold decrease in aff|n|ty for
PTP1B (Table 3). Importantly, compouidcts as a classical  compound5. In contrast, a very significant decrease in
competitive inhibitor as exemplified in Figure 2. affinity was observed for compouriéiwhen comparing wt
PTP Mutants.To test if compound7 addresses the and mutant forms of PTP1B (Table 3). Therefore, these
proposed region of PTP1B, we performed detailed enzyme results clearly show that a glutamine or a methionine in
kinetic analyses using a set of wt and mutant PTPs. Two position 259 is sufficient to prevent high-affinity binding of
enzymes, PT& and PTPH1, were chosen as representatives compound?7 and further support the hypothesis that com-
for PTPs with bulky side chains in position 259. Using a pound? addresses region 258-259 in PTP1B. In contrast,
similar approach with a combination of wt and PTP mutants, compound$ and7 showed almost the same affinity for the
we have previously demonstrated that GIn259 in &TiR PTRx Q259G mutant, indicating that removal of the steric
addition to its direct effect, also indirectly influences the hindrance imposed by GIn259 is not enough to restore full
binding of inhibitors and substrates, most likely due to a binding capacity, i.e., comparable to that of PTP1B, for
negative influence on the rotational freedom of the side chain compound?. This is not a surprising observation since this
of GIn262 (L6). As described above, selectivity can be would require the same possibilities for ligand binding in
obtained by introducing a basic nitrogen into compodnd the PTR mutant enzyme and wt PTP1B. One important
(Figure 1) that causes attraction in PTP1B due to formation difference between these enzymes is residue 48, which is
of a salt bridge to Asp48 and repulsion against PTPs with an asparagine in PR In contrast to the equivalent aspartic
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Table 4: K; Values M) at pH 7.0
PTP1B TC-PTP SHP-1 PTPH1 PaP PTR CD45 PTP-LAR PTR GLEPP-1

compoundb 84 111 >500 246 >500 >500 >1000 >1000 100 238
compound? 0.6 11 289 91 >500 >500 489 176 21 370

acid in PTP1B, the side chain of this residue cannot form
water-mediated hydrogen bonds similar to those found
between compound and PTP1B (see below). Further, the
shorter side chain of Cys258 in P&Pin comparison with
the methionine in the equivalent position in PTP1B, is
probably not capable of making van der Waals contacts to
the ligand. Therefore, the observed selectivity of compound
7 for PTP1B versus PTd seems to be due to (i) steric
hindrance in the latter and (ii) better possibilities for contact
between the ligand and PTP1B. Although compouibihds
with somewhat higher affinity than compoubdo wt PTPH1
and the PTPH1 M259G mutant, similar conditions are likely
to be at play in PTPHL1 that contains an alanine in position
258. Since PTPH1 contains an aspartic acid in position 48
and hence the potential for the above hydrogen bond
formation, we reason that the saccharin ligand moiety of
compound7 is guided into the 258/259 gateway. It should
be emphasized that the observed increase in affinity of
compound? versus compouné for both the wt and mutant
PTPH1 enzymes is modest-B-fold) compared to that
observed for PTP1B (140-fold). Thus, the fine architecture
seems to be different in these enzymes, even when the bulky
Met259 residue in PTPH1 has been substituted for a glycine.
Specificity against a Broad Set of PTPaving provided . 3 Bind de of d_ PTP1B. Omi
evidence that compouridindeed was a(_jdres_sing the 258/. (ZIIG:l(-:R—E F-C) f(lnrr] tlhneg Fr:']I'OPleB?coCrng(i?r:J; clgmplex sfrucr::;:ew?'%sé
259 gateway of PTP1B, we next determined if the side chain ejectron density maps are contoured in blue at téetel and in
of the compound would cause the hypothesized increasedred at the & level. The inhibitor has been omitted from the phasing
selectivity against other PTPs. Compouridand 7 were model and refined for several cycles before map calculation. Atoms
tested against a set of 10 different wt PTP domains (Table &€ colored according to atom type (carbons in green, oxygens in
4). With the exception of PTP1B and TC-PTP, compoind "€ sulfurs in yellow, and nitrogens in blue).

showed modest or no inhibition of these enzymes and only for 2-(oxalyamino)benzoic acid and the thiophene-based
a 5-fold increase in affinity for PT®in comparison with  derivatives {5—17). Superimposition of the complex struc-
that of compound. Thus, we have succeeded in obtaining tures of compounds and compound? shows complete
a substantial increase in affinity for PTP1B and TC-PTP, overlap of the aromatic and pyran rings (Figure 4). Signifi-
and simultaneously introduce a very high degree of selectivity cantly, and as predicted, the side chain of the ligand is
against many other PTPs representing a broad spectrum opositioned in the vicinity of residues 258 and 259 (Figures
this class of enzymes. Significantly, this selectivity is also 4 and 5A). Several interaction points seem to explain the
found against two PTPs that contain an aspartic acid in observed significant increase in the affinity of compohnd
position 48, i.e., CD45 and PTPH1. for PTP1B. Although we were not successful in obtaining
The observed selectivity against SHP-1 is in apparent interaction with GIn262 and no hydrogen bonds are seen
contradiction to our hypothesis regarding steric hindrance, from the saccharin ligand moiety to the protein, important
since this enzyme has a glycine in position 259. However, van der Waals contacts are observed between the saccharin
as will be discussed below, water-mediated hydrogen bondsand several residues of the protein, including Asp48, Val49,
from compound’ to the side chain of Asp48 in PTP1B play 1le219, Met248, and Gly259.
a significant role in obtaining potency against PTP1B. Itis  Unexpectedly, we also observe three short distances, not
unlikely that similar interactions can take place in Asn48- of hydrogen bond nature, from the sulfone oxygens in the
PTPs such as SHP-1. saccharin to the backbone carbonyl of Asp48 (3.2 A), a sulfur
X-ray Protein CrystallographyAs shown above, the atom in Met258 (3.1 A), and adcCatom in Gly259 (3.2 A)
enzyme kinetic analyses with wt and mutant PTPs indicated that are not readily accounted for (see also Figure 5A). To
that compound interacts with region 258-259. To determine determine if such interactions have been observed previously,
unequivocally the binding mode, we next initiated cocrys- we performed a search in the IsoStar database. Interactions
tallization studies of PTP1B and compoundA well-suited comparable to those observed between compduantd the
electron density was identified in the active site pocket backbone carbonyl of Asp48 and thex@tom of Gly259
(Figure 3). The oxalylamino anatcarboxy groups show the  were frequently observed in IsoStar (data not shown),
exact same interaction with the PTP signature motif and whereas the interaction with the sulfur atom in Met258
formation of a salt bridge to Lys120 as described previously apparently has not been described before. It should be
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Asp48 Arg 47 R\\

Ficure 4: Superimposition of the PTPXRBompounds and PTP1B-compound? structures (stereoview). The structures were superimposed
using Quanta (MSI). Atoms are colored according to atom type (carbons in green for the complex with compodmiagenta for the
complex with compound, oxygens in red, sulfurs in yellow, and nitrogens in blue).

Aspartic Acid 48As discussed above, we have previously
utilized formation of a salt bridge to Asp48 to obtain potent
and selective PTP1B inhibitord%). In this case, Asp48 was
in the so-called rotamer 3 position, pointing toward the active
site. In contrast, the side chain of Asp48 is pushed away
from the active site by the oxygen atom in the pyran ring in
the complex structures with compoureland7 (i.e., to the
rotamer 1 position). This allows a water molecule not seen
in previous complex structures to form a hydrogen-bonded
bridge between the two oxygen atoms in the ligand and
Asp48 (Figure 5B). It is conceivable that this water molecule-
Gin 262 mediated interaction with Asp48 in combination with the
above-mentioned van der Waals contact accounts for the
significant increase in the affinity of compoufdor PTP1B
in comparison with that of compourt

The above-described water-mediated hydrogen bonds to
the side chain of Asp48 in PTP1B complexed with compound
7 also provide a likely explanation for the apparent contra-
dictory finding of selectivity against SHP-1, which has a
glycine in position 259. As pointed out by us previousl)
the Asn48 residues in the published Asn-PTPs are in the
rotamer 3 position with an internal hydrogen bond to the
neighboring backbone amide&84—36). Further, using a
PTP1B mutant, we have shown that the oxygen atom in the
pyran ring of compoun® attracts Asn48 and stabilizes the
side chain of this residue in the rotamer 3 position. Therefore,
such water-mediated hydrogen bond formation in SHP-1 is
unlikely. In agreement with this, we find compoufidto
inhibit SHP-1 with a relatively low affinity. It should be
FIGURe 5: Binding mode of compound (A) van der Waals contact ~ noted, however, that compound is more potent than
between the saccharin moiety and PTP1B. Short non-hydrogencompouncb against SHP-1, thus indicating that some binding

interactions are colored in yellow. (B) Water-mediated interaction affinity has been obtained in the 258/259 gateway of this
with Asp48. enzyme.

emphasized that the sulfone in saccharin is the most electron LBim'j_:ing 1o P(':I'Psf with tI_Bquy ﬁide Ct;ains it’? Pos]jtion 259
rich part of the inhibitor and hence the best defined part of (Low-Energy ConformationsjThe conformation of com-

the ligand in the electron density maps (see Figure 3). pound7 found in the X-ray structure with PTP1B is a low-

. o2 7" energy conformation with an estimated energy of 102.9 kJ/
Consequently, the saccharin moiety is accurately determined O
. mol (data not shown). Significantly, the low-energy con-
in the complex structure.

formation obtained after flat-bottomed minimization is almost

With the current data in hand, it is difficult to evaluate identical to the observed X-ray conformation (see Figure 6A).
the influence of these three short interactions on binding When binding to PTPs with bulky residues in position 259,
affinity. However, since the total area is quite electron rich compound7 has to either differ from this minimum low-
with several unpaired lone pairs, i.e., the sulfone on one sideenergy conformation or force the bulky side chain away (i.e.,
and the carbonyl and methionine sulfur atoms on the other,to keep the low-energy conformation). In both cases, an
a negative net effect on binding affinity is expected. energy penalty will arise.
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Since no complex structure is available for PTPs with a A - Phe 182
blocked 258/259 gateway, e.g., RI,Rve have previously

used a PTP1B mutant (R47V, D48N, M258C, and G259Q) !
as a model for such enzymes5|. The X-ray structure of ° -
this PTP1B mutant was used here to identify alternative low- )
energy conformations of compouridhat could be accom- ‘__\
modated in PTPs with bulky residues in position 259 (Figure ’\\l

6B). The estimated conformational energy in this case is Gln 26 Arg 47
106.8 kJ/mol, representing a significant energy penalty of ! - \ﬁ
. .
[ ]

would lead to a significant estimated loss in affinity, i.e.,
corresponding to the experimentally observed decrease in
the affinity of compound for PTP1B G259Q (Table 3). Of
note, this PTP1B mutant still binds compoufdwith a

3.9 kJ/mol. Thus, such an increase in conformational energy f\r
B gf \ 1
"\.} Asp 48"

considerably higher affinity than PR perhaps reflecting B - Phe 182

a water-mediated interaction with Asp48 similar to that '"\I/\

described above for wt PTP1B. ! || Y
The global energy minimum for compoundwas esti- @ \ A

mated to be 100.8 kJ/mol using the MMFF force field. 1§ f“

However, it should be stressed that it is not possible to dock \_ -

this conformation into PTP1B or the above PTP1B mutant /\( -
GIn262 |

serving as a model for enzymes with a blocked 258/259 |
gateway 15). J

] ol t
AL S
DISCUSSION . ’q‘@ Asp 4g"
L]

Ligand selectivity can be obtained by using several

interaction types between the protein target and ligand 6 ) ‘ ion of A (A) S )
molecules. To keep the molecular weight low, we generall FIGURE 6: Low-energy conformation of compount (A) Super
: p 9 ! g y imposition of the calculated low-energy conformation of compound

attempt to increase the SeleCtiVity by SimultaneOUS|y ianeaS-7 and the observed conformation of compoundin magenta)
ing the potency for the desired target, e.g., PTP1B, while complexed with PTP1B. (B) Suggested binding mode of compound

decreasing the affinity against nontarget enzymes. Previously,” in PTPs with bulky side chains in position 259. As in panel A,

we reported the design of a selective PTP1B inhibitor using € model has been compared to the observed conformation of
. S Y - . compound7 complexed with PTP1B.

electrostatic attraction in PTP1B and repulsion in undesired

target PTPsX5). Here we demonstrate that the combined ether oxygen in compounidito the side chain of Asp48. In
use of steric fit and steric hindrance is a powerful tool in pTps with an asparagine in the equivalent position, such
structure-based ligand design. Using a multiple alignment jnteraction is unlikely to occur due to a preference for the
of PTPs and structural analyses, the region around residuesotamer 3 position of this residue (i.e., pointing toward the
258 and 259 (termed the 258/259 gateway) was identified active site). Therefore, this water-mediated interaction with
as a region in PTPs with characteristics for possible selectiv- Asp48 may also contribute to the observed selectivity of
ity design based on steric features (Figure 7). In PTP1B andcompound 7 against PTPs in which residue 48 is an
TC-PTP, residue 259 is a egCine that results in an open 258/asparagine_ In accordance with this, Compomrid a weak
259 gateway. In a substantial number of other PTPs, positioninhibitor of SHP-1 despite the fact that this enzyme has a
259 is occupied by a residue with a bulky side chain. As an glycine in position 259, i.e., an open 258/259 gatewasy (
example, PTR has a GIn in position 259, and thus a closed 37).

258/259 gateWay. By eXtending our inhibitors toward the Ligands may Change conformation upon b|nd|ng ThUS,
258/259 gateway, we speculated that PTP1B and TC-PTPthe conformation of the protein-bound ligand does not
could easily accommodate the substituents with increasednecessarily represent the global minimum for the free ligand.
binding affinity as a result, whereas other PTPs with closed However, such a conformation may result in energy penalties
258/259 gateways would be less prone to binding such that significantly affect the binding affinity. Indeed, each 5.6
inhibitors. Compound’ was synthesized, and the binding kj/mol of increased conformational energy of the bound
mode was evaluated by detailed enzyme kinetic analysis with conformation leads to a loss in affinity of a factor of BBY,
a set of mutant PTPs as well as with X-ray protein \when binding to PTPs with 259 residues with bulky side
crystallography. Further, this approach also resulted in achains, the conformation for compoufidhas to either force
compound with remarkable selectivity against a series of the position 259 side chain away to keep the low-energy
PTPs representing both intracellular and receptor-like en- conformation or attain a different conformation. In both
Zymes. cases, an increased energy penalty will be the result, as also
The increase in potency obtained by introducing a sub- demonstrated in the enzyme kinetic analyses. Of note, Monte
stituent in position 7 of compoundl seems to be due to a Carlo analysis of compound revealed that the energy of
combination of (i) van der Waals interactions for the the low-energy conformation in PTP1B is 3.9 kJ/mol lower
saccharin part and (ii) formation of water-mediated hydrogen than a conformation of the compound fitting in PTPs with
bonds from the oxygen atom in the pyran ring as well as the bulky side chains.

Arg 47
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FiGure 7: Schematic illustration of the closed and open 258/259 gateways io. Bii@ PTP1B, respectively.

Zhang and co-workers have recently identified a second We hypothesize that by combining the present approach
aryl phosphate binding site in PTP1BY. The most based on steric fit and steric hindrance (residue 259) with
important residues in this site seem to be Arg24 and Arg254 the previously described utilization of attraction and repulsion
with the guanidinium groups of these residues coordinating (residue 48) 15), highly potent and selective PTP1B
the phosphate group of phosphotyrosine. While Arg254 is a inhibitors can be developed. However, it should be empha-
highly conserved residue, Arg24 seems to be present in onlysized that such inhibitors most likely will also bind to TC-

a few PTPs, including TC-PTP and PTP-PEST. It is, PTP, which is highly homologous to PTP1B. To obtain
therefore, tempting to speculate that selective and potentselectivity against TC-PTP, other areas of the enzymes have
inhibitors can be obtained by concurrently addressing the to be addressed.

active site and the second aryl phosphate binding site.
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