LETTERS TO NATURE

FIG. 4 The 3' RARE of the
Hoxb-1 gene is necessary for
establishing early neural
expression. Numbers in par-
entheses indicate construct
number. a, d, Control staining
patterns of transgenic
embryos with the wild-type
EcoRV-Hindlil fragment (a)
and the EcoRV-Sal frament
(d) linked to a construct
directing expression in rhom-
bomere 4 (constructs 3 and
2, Fig. 1a). Lateral views of
8.25-d.p.c. embryos contain-
ing a deletion (b) or point
mutations (¢) in the 3" RARE
in the EcoRV—Hindlll
enhancer {(constructs 4 and
5). At all stages examined
(7.25-9.0d.p.c.) the only
expression observed arises in
rhombomere 4 after
8.25d.p.c, indicating that
both mutations completely
eliminate the early expres-
sion in mesoderm and ectod-
erm. e, f, Lateral and
posterior views, respectively,
of an embryo carrying point
mutations in the 3" RARE in
the EcoRV-Sal enhancer
fragment (construct 6). Pos-
terior expression is present in
somitic mesoderm (s) and notochord (nt) but is absent in the spinal
cord (sc) and neural tube. Arrowheads indicate domains of expression
missing in RARE mutant constructs.

wild-type (3)

wild-type (2)

3’ region which is necessary for the response to retinoic acid in
tissue culture cells”’. By analogy to our results with Hoxb-1, this
RARE could be important for establishing Hoxa-1 expression,
and could reflect a common role for retinoids in regulating vert-
ebrate labial-related genes.
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PROTEIN tyrosine phosphatases (PTPases) and kinases coregulate
the critical levels of phosphorylation necessary for intracellular
signalling, cell growth and differentiation' %, Yersinia, the causative
bacteria of the bubonic plague and other enteric diseases, secrete
an active PTPase®, Yop51, that enters and suppresses host immune
cells*>. Though the catalytic domain is only ~20% identical to
human PTP1B®, the Yersinia PTPase contains all of the invariant
residues present in eukaryotic PTPases’, including the nucleophilic
Cys 403 which forms a phosphocysteine intermediate durin;

catalysis>*'’. We present here structures of the unliganded (2.5 A
resolution) and tungstate-bound (2.6 A) crystal forms which reveal
that Cys 403 is positioned at the centre of a distinctive phosphate-
binding loop. This loop is at the hub of several hydrogen-bond
arrays that not only stabilize a bound oxyanion, but may activate
Cys 403 as a reactive thiolate. Binding of tungstate triggers a
conformational change that traps the oxyanion and swings
Asp 356, an important catalytic residue’, by ~6 A into the active

§ Present address: Department of Biochemistry, Albert Einstein College of Medicine, Bronx,
New York 10461, USA.
* To whom correspondence should be addressed.
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site. The same anion-binding loop in PTPases is also found in the
enzyme rhodanese'’.

The central feature of the Yersinia PTPase tertiary fold, as in
the structurally homologous PTP1B'?, is a highly twisted, eight-
stranded, mixed f-sheet flanked by five a-helices on one side
and two a-helices (a2 and a3) on the other (Table 1 and Fig.
la). At the centre of the B-sheet are two split fa 8 motifs'® that
interdigitate to form four adjacent parallel strands (82, 8, 83
and 7). A prominent depression forming the substrate-binding
site is located at the carboxy end of these strands (Fig. 15).
Centred within the site, and located on the B-turn following 8
(residues 403-406) and the first turn of helix a5 (407-410), is
the PTPase signature sequence (I/VYHCXAGXGR(S/TNG/
A)" (single-letter amino-acid code). Residues 403-410 form the
PTPase phosphate-binding loop or P-loop with the invariant
Cys 403 thiol®® centred within the loop and close to the a5 helix
axis (Figs 1 and 2a).

Although sulphydryls in proteins normally have a dissociation
constant (pK,) of ~8.5, Cys403 in Yersinia PTPase has an
apparent pK, of 4.7 suggesting that it may be stabilized as a
negatively charged thiolate at neutral pH®. Active-site thiolates
in other hydrolases, such as papain'® and dienelactone
hydrolase'é, are stabilized by ion-pairing to nearby histidines.
The only invariant and positively charged residue in the vicinity
of Cys 403 is Arg 409, a residue that is important for catalysis'’
(Z.-Y.Z. et al., manuscript in preparation). In the unliganded
Yersinia PTPase structure, the Arg 409 side chain projects from
the a5 amino terminus towards helix 3 and the active-site open-
ing (Figs 1 and 2a). The position of its guanidinium group is
anchored by hydrogen bonds to the Leu 285 carbonyl and
Thr 358 Oy1, and by a bidentate salt bridge to the carboxylate
of Glu 290, the putative catalytic base’ (Fig. 2¢). Cys403 is
clearly in the g* (7, ~ +60°) rotamer (Fig. 2a), and Sy is 5-6 A
from the Arg 409 guanidinium group. In the unliganded struc-
ture of PTPIB solved at 2.9 A resolution'’, the equivalent

FIG. 1 a, Ribbon diagram of the unliganded Yersinia PTPase structure
(drawn with MOLSCRIPT®®). Molecule is oriented with the C-terminal
end of the 8 strand towards the viewer (a-helices and turns in yellow,
B-strands in green). The catalytic site is centred around the anion-
binding loop (P-loop) formed between 38 and a5 (residues 403-410,
red; Cys 403, yellow). Surrounding the binding site are residues contri-
buted by turns a1-f1, a6-a7, f2-a2, a3-f4 and ad4-7, and helix
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Cys 215 Sy is in a different rotamer conformation that places
Sy within 3.0 A of the Arg 221 guanidinium group. This was
proposed to partially stabilize the negatively charged thiolate'”.
On the basis of our electron density maps at 2.5 A resolution
(Fig. 2a), we conclude that Arg 409 does not play a major role
in stabilizing the thiolate in Yersinia PTPase.

In Yersinia, the thiol anion of Cys 403 appears to be stabilized
by an extensive network of hydrogen bonds'® (Fig. 2¢). The
closest proton donor is the Oy1 hydroxyl of conserved Thr 410
(Thr or Ser in all PTPases). The corresponding Ser 222 in the
PTP1B structure' does not make this interaction, but hydrogen
bonds to the amide of Gly 218. This is probably due to the
different cysteine orientation in PTP1B mentioned above.

Cys 403 Sy is also located between 3.0 and 4.2 A from every
amide nitrogen of the P-loop (residues 403-410). At least five
of these are shorter than 4.0 A and should make reasonable
S-HN hydrogen bonds'®. Alternatively, the P-loop amides may
be considered individual microdipoles with their §* ends® all
oriented towards the thiolate. The P-loop peptide nitrogens are
coupled electrostatically through their carbonyl oxygens'® to sev-
eral hydrogen-bonding arrays radiating out from the P-loop
(Fig. 2¢). The invariant (and mostly buried) residues His 402,
Tyr 301, Arg 437, Arg 440 and Asn 245 participate in three of
these arrays. The first array begins with the Cys 403 carbonyl,
and continues through the His 402 imidazole ring, the Tyr 301
hydroxyl, and finally the His 270 side chain (Fig. 2c¢). Site-
directed mutations of the invariant His 402 residue to Asn or
Ala raise the apparent pK, of Cys 403°, probably by partially
disrupting this hydrogen-bond network. In the second array,
peptide bonds following residues 405 and 406 mediate ionic
interactions between the thiolate and the buried guanidinium
group of Arg 440. Mutation of Arg 440 to Ala or Lys severely
impairs catalytic efficiency and binding (Z.-Y.Z. et al,
manuscript in preparation). The third array couples Val 407 O
to the Arg 437 side chain, but is mediated through an additional

a3. b, CPK model of unliganded PTPase in the same orientation as
a, highlighting the conserved and invariant residues’ that are solvent
accessible. Polar uncharged residues, green; basic, blue; acidic red; and
hydrophobic, grey. Positions of unlabelied conserved residues: Gly 408,
grey, upper-left of Cys 403; GIn 450, green, behind Gly 408 and
Arg 409; Val 433, Met 444, Val 445, grey, in pocket adjacent to Arg 437.
Only the main-chain of Tyr 301 is accessible; the side chain is buried
and interacts with His 402 and His 270 in the hydrogen-bonding net-
work (Fig. 2c). As noted for the PTP1B structure*?, most of the residues
clustered within or around the catalytic depression are invariant of
structurally similar within the PTPase family’. This suggests that all
PTPases are likely to recognize phosphotyrosine in a similar way and
have similar catalytic mechanisms.
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peptide bond (444-445). Because mutations of the invariant
Arg 437 have little effect on catalysis or oxyanion binding
(Z.-Y.Z. et al., unpublished data), we suggest that this residue
might interact with conserved functional groups (such as main-
chain or anionic side-chain atoms) of a phosphorylated peptide

FIG. 2 The Yersinia PTPase P-loop (residues 403-410) and hydrogen-
bonding arrays. a and b, Carbons, nitrogens, oxygens, sulphurs and the
tungsten are shown in yellow, blue, red, green and violet, respectively.
a, Unliganded Yersinia PTPase stfucture. Superimposed on the P-loop
are electron density contours (2.5 &) from an ‘omit’ map calculated with
coefficients (Fobs — Fealc), Qeaic- b, PTPase-tungstate structure. Hydrogen
bonds (3.5 A or less) between the tungstate oxygens and the enzyme
are shown as dashed green lines. As described in the text, the f7-a4
loop containing Asp 356 has moved to interact with the bound oxyanion.
The corresponding 811-a3 loop in both unliganded and tungstate-
bound structures of PTP1B*? appears to be in a position similar to the
Yersinia PTPase unliganded state with the analogous Asp 181 quite
distant from the bound tungstate. Crystal lattice restrictions in PTP1B
may have inhibited a conformational change because the PTP1B-
tungstate complex was prepared by soaking unliganded crystals'?
whereas the Yersinia PTPase-WO3~ crystals were co-crystallized with
tungstate. Alternatively, sequence differences in PTP1B may make the
loop movement energetically less favourable, and account for the
enzyme’s lower catalytic rate when compared to Yersinia PTPase*. ¢, d,
Active-site hydrogen-bonding arrays in the Yersinia PTPase structures.
Arrows point from hydrogen donor to acceptor. Residues involved in
primary hydrogen bonds with the Cys 403 thiolate or bound tungstate
are boxed. Conserved and invariant residues are shown in bold and
non-conserved residues in italics. All distances in A. ¢, Cys 403 is stabil-
ized as an anion by several hydrogen-bonding arrays radiating from the
P-loop (see text). Sulphur—nitrogen interactions under 4.0A are
expected to form reasonable S—HN hydrogen bonds™®. Cys 403 Sy is
~10A from Asp356, and 6A from Arg409 Ne. d, PTPase-WOQj;
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substrate. The Arg 437 guanidinium group is located ~14 A
from the active site, but is partially exposed in a predominantly
hydrophobic pocket between a1 and a7 (Fig. 1b). Finally, the
amides of P-loop residues 408 and 409 on the first turn of the
a5 helix are coupled by hydrogen bonds to peptide bonds on
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structure showing hydrogen bonds to the tungstate oxygens. All second-
ary hydrogen-bonding arrays shown in ¢ also exist in d, but have been
omitted for clarity. The oxygen of WO2 ™ indicated with an enlarged O is
expected to correspond to the oxygen of the scissile O—-P bond in a
phosphotyrosine substrate. Glu 290 0¢2 is 5.5A from the nearest
tungstate oxygen; Cys 403 Sy is 3.6 A from the tungsten.

METHODS. Calcuiated phases for the difference map in @ were obtained
from a simulated-annealing X-PLOR refinement with residues 403-410
omitted from the structure factor calculations. b and d, Crystals of the
PTPase-tungstate complex (P2,2:2;, ¢=56.4A, b=49.8A, c=
100.8 A; size 0.8 x 0.2 x 0.02 mm®) were grown by mixing equal vol-
umes of a PTPase solution containing 1 mM tungstate, with precipitant
(22% (w/v) polyethylene glycol 4000, 200 mM Li,SO,, 10% isopropanol,
0.1% p-mercaptoethanol, 100 mM Tris-HCI, pH 8.5). The crystal
diffracted to at least 2.2 A, and 81% of the reflections between 7.0 A
and 2.6 A were recorded. These amplitudes (and those from a Hg
derivative) were used to phase data from isomorphous crystals of the
Yersinia PTPase Cys 403—Ser mutant containing bound sulphate
(H.L.S. et al., manuscript in preparation). After most of the Cys 403 —»Ser
structure had been built, a tetrahedral tungstate ion (net —2 charge,
W-0 bond length=1.77 A) was fit into a difference map, and the entire
model further refined with X-PLOR®® against the PTPase—tungstate data.
Force-field interactions between the tungstate and Cys 403 were turned
off to allow close-approach of these two groups if necessary. The
PTPase-WO3; structure currently has a crystallographic R-factor of
19.5%t0 2.6 A( (F/or>2.0). The Ca r.m.s. deviation from the unliganded
structure is 0.9 A. A detailed description of the structure refined to 2.5 A
will be published elsewhere (E.B.F. et al., manuscript in preparation).
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TABLE 1 Diffraction data, phasing, density averaging and refinement statistics for unliganded Yersinia PTPase

Phasing power§

Resolution No of unique Completeness RergeT RisoT No. of (max. resolution
Compound* (A) reflections (%) (%) (%) sites used in phasing, A
Native 2.5 19,476 91 5.9 NA
KoPt(CN)4 || 2.3 19,501 72 9.6 15.7 1 1.42 (2.8)
KoPHCN), || 2.3 12,793 46 10.0 13.9 1 1.52(2.8)
PtCl, 2.8 11,106 75 8.0 16.2 1 1.26(3.5)
K,PtCl, 3.0 9,133 77 10.6 20.2 2 1.38(3.5)

Overall mean figure of merit (20-2.8 A)=0.51

The catalytic domain (residues 163-468) of Yop51, a PTPase from Yersinia enterocolitica, was expressed, purified, and crystallized as described
previously®*. Trigonal crystals (space group P3,; a=b=71.53 A ¢=107.48A, a= p=90° y=120° two molecules per asymmetric unit) grew only
in the absence of oxyanion-containing salts. All diffraction data were collected on a SDMS multiwire area detector system mounted on a Rigaku
RU-200 rotating anode generator (50 kV, 100 mA), and processed by the accompanying software®®, Single isomorphous replacement phases,
derived from the first K,Pt(CN), derivative, were improved by solvent flattening using PHASES?®. Sites for the other heavy-atom derivatives were
located in difference Fourier maps. Multiple isomorphous replacement (MIR) phases (20-3.5 A resolution; mean, figure of merit, 0.56) were improved
by iterative solvent flattening, and an initial backbone trace of one molecule was fitted to the resulting density map with the program 0°7. The
location of the non-crystallographic 2-fold axis was found by a rotation/translation search of the MIR map (PROTEIN?®), and refined by PHASES
(density correlation value, 0.32). Over 60% of the model (mainly polyalanine) was fit to a 20-3.0 A MIR map (mean figure of merit=0.51) that had
been averaged without a mask. Masks derived from this model were used to improve the MIR map by iterative density averaging and solvent
flattening®®. PTPase models were refined with the ‘slow-coo!’, simulated annealing (3,000 K) protocol of X-PLOR?® (including non-crystallographic
restraints), and refit to 3.0 A electron density maps calculated with MIR-combined phase probabilities, and later at 2.8 A and 2.5 A with (2F s — Feao)s
¢eamc Maps. The R-factor is currently 18.4% (free R-factor’® =27.0%) for 17,095 unique reflections in the 7-2.5 A shell (F/or=2, 84% complete).
The model includes residues 189-468 and 191-468 for molecules A and B, respectively, a total of 4,290 non-hydrogen atoms. There was no
interpretable electron density for the N-terminal residues 163-188 in either molecule and they are assumed to be disordered. The r.m.s. deviations
for bond distances and angles were 0.015 A and 3.3°, respectively. Refinement to higher resolution, relaxation of the non-crystallographic restraints,
and inclusion of solvent molecules is in progress. Coordinates will be submitted to the Brookhaven Protein Data Bank.

* Derivative crystals were soaked in solutions containing 0.05-0.1 mM heavy-atom reagent in 22% polyethylene glyco! 1500, 10% 2-methyl-2,4-
pentanediol, 1 mM imidazole, pH 7.2, for up to 20 h before data collection.

T Ruerge = i Zi) h— IDI/Z<D where [ is the intensity measurement of a particular symmetry-related reflection.

T Reo=Z(||Feu| —|Fe||)/Z|Fe|, where Fe and Fey are the structure factor amplitudes of the native protein and protein complexed with heavy
atoms, respectively.

§ Phasing power is defined as r.m.s. F,,/(r.m.s. lack of ciosure error), where F, is the heavy-atom structure factor.

|| Data from two K, Pt(CN), soaked crystals were treated as separate heavy-atom derivatives for multiple isomorphous replacement phasing.

the second turn of the helix. Though previously attributed to a
helix macrodipole effect”’ in the PTP1B structure'?, the polarized
microdipoles of peptide bonds on the first two turns of an ¢-helix
(such as in the P-loop) have been shown to confer the majority
of the charge stabilization energy™.

To examine how phosphoryl groups of substrates would bind
to PTPases, we transferred the unliganded PTPase crystals to
solutions containing 0.01-1.0 mM sodium tungstate, a competi-
tive inhibitor (dissociation constant Kp=61uM at pH7;
Z.-Y.Z. and J. E. D., unpublished data). The crystals cracked
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within hours. By adding 1 mM tungstate to the enzyme before
crystallization, we obtained a different crystal form containing
the PTPase-WQ;~ complex and have independently solved its
structure to 2.6 A resolution (Fig. 2b; E.B.F. ef al., manuscript
in preparation). The P-loop orients the bound tungstate directly
over the nucleophilic Cys403 Sy (Sy-W distance=3.6 A) by
anchoring three of the anion’s oxygens to the main-chain amides
of residues 404-409 through hydrogen bonds (Fig. 2d; mean
distance, 3.0 A). The —2 charge on the tungstate, or a —3 charge
of the pentacoordinated transition state expected during

FIG. 3 Superposition of the Yersinia PTPase P-loop structure onto the
anion-binding loop of rhodanese. The PTPase-tungstate complex is in
yellow with thin bonds, and rhodanese is white with thick bonds.
Residue numbers are for the PTPase structure. The corresponding
sequence alignment for the anion-binding loops is:

PTPase-W03~ 403 CR A GV G R T A 411

Rhodanese 247 CRK GV T . A C 254

Arg 409, catalytically important in all PTPases, is an insertion relative
to rhodanese, which in effect widens the first turn of a5 in the PTPase.
In both structures, the main-chain NH groups from 403-409 are all
oriented towards the centre of the anion-binding loop. Though function-
ally unrelated to PTPases, the catalytic mechanism is similar. Rhod-
anese transfers a sulphur from thiosulphate (S,037) to a nucleophilic
thiolate to form a charged, persulphide (Cys 247-Sy-S§7) enzyme
intermediate as depicted here. When superimposed on the PTPase P-
loop, the covalently-bound sulphur anion (S67) is just 1.6 A from the
bound tungsten. In rhodanese, cyanide (or possibly a non-haem iron
protein) binds and accepts S to form thiocyanate (SCN™)'*. In PTPases,
a hydroxyl ion is the acceptor forming HPO3 ™ .

METHODS. Rhodanese coordinates™ (PDB code 1RHD) were superim-
posed on the PTPase-WO03~ structure by minimizing the Ca r.m.s. devia-
tion between residues 398-407, 410-421 and 254-260 in
PTPase-W02~, and 242-251, 253-264 and 266-272 in rhodanese.
The r.m.s. deviation for these 29 pairs of a-carbons was 1.4 A.
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phosphate hydrolysis, will be delocalized by the same hydrogen-
bond arrays discussed above in the unliganded structure. The
invariant Arg 409 guanidinium group moves ~2 A to form a
bifurcated salt bridge with the tungstate oxygens while maintain-
ing its salt bridge with Glu 290 (Fig. 2d). Because mutation of
Arg 409 to Lys severely impairs catalysis, we suspect that this
bifurcated interaction is essential to bind preferentially the tran-
sition state that occurs during phosphate hydrolysis (Z.-Y.Z. et
al., manuscript in preparation).

The major difference between the PTPase-WO;  complex and
the unliganded structure is that the f7-a4 loop (residues 350-
360) has moved an average of 3.3A and folds over the active
site to sequester the bound oxyanion (Fig. 2a, b; H.L.S. et al,,
manuscript in preparation). In the unliganded PTPase structure,
the putative catalytic general acid” Asp 356 is ~10 A from the
phosphate-binding site, and interacts with Ser 287 and Ser 289.
In the tungstate complex, Asp 356 Ca moves towards the active
site by 6 i hydrogen-bonds with Arg 404, and positions its
carboxylate 3.5-3.8 A away from the tungstate oxygen that is
not ligated to the P-loop (large O of tungstate in Fig. 2d).
Because this oxygen is directly opposite the Cys 403 nucleophile
it probably corresponds to the atom of the scissile ester bond in a
phosphotyrosine residue. Assuming this conformational change
also occurs on binding of a phosphotyrosyl substrate, Asp 356
would be ideally positioned to aid proton transfer during one
or both of the proposed hydrolysis steps'*. The 2.5 A structure of
the inactive Cys 403 —Ser PTPase mutant has a sulphate anion
bound to the P-loop and displays the identical conformational
change (H.L.S. et al., manuscript in preparation). The reported
structures of tungstate-free and tungstate-bound forms of the
PTPIB structure’? do not exhibit the above conformational
change (discussed in Fig. 2).

Unexpectedly, we discovered a striking similarity between the
active-site structures of Yersinia PTPase and that of rhodanese,
a sulphur transferase found in a variety of organisms"''*>**. Not
only are both anion-binding loop conformations very similar
(Fig. 3) but they also have an identically positioned cysteine
thiolate which is stabilized by hydrogen bonds to amides of the
P-loop, and by the amino-end of an a-helix''. Each enzyme also
forms a charged covalent intermediate during catalysis, Cys 403-
Sy-POZ in PTPase and Cys 247-Sy-S&~ in rhodanese, with
the anion positioned at the centre of the P-loop. Additionally,
rhodanese Arg 110 (conserved in all rhodanese sequences) is
buried and forms hydrogen bonds to the same P-loop amides as
the buried Arg 440 in PTPases. We might expect other unrelated
enzyme structures to also use the P-loop motif for anion binding
and transfer. d
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PROTEIN tyrosine phosphorylation and dephosphorylation are cen-
tral reactions for control of cellular division, differentiation and
development'. Here we describe the crystal structure of a low-
molecular-weight phosphotyrosine protein phosphatase (PTPase)’,
a cytosolic phosphatase present in many mammalian cells. The
enzyme catalyses the dephosphorylation of phosphotyrosine-
containing substrates>®, and overexpression of the protein in nor-
mal and transformed cells inhibits cell proliferation’®. The struc-
ture of the low-molecular-weight PTPase reveals an a/f protein
containing a phosphate-binding loop motif at the amino end of
helix al. This motif includes the essential active-site residues
Cys 12 and Arg 18 and bears striking similarities to the active-
site motif recently described in the structure of human PTP1B’.
The structure of the low-molecular-weight PTPase supports a
reaction mechanism involving the conserved Cys 12 as an attacking
nucleophile in an in-line associative mechanism. The structure also
suggests a catalytic role for Asp 129 in the reaction cycle.

The bovine liver low-molecular-weight PTPase contains 157
amino-acid residues (M, 17,953)%; it has been crystallized in
0.1 M acetate buffer, pH 5.5, in the presence of 40% saturated
ammonium sulphate'®. The structure of the enzyme was solved
using the multiple isomorphous replacement method combined
with density modification techniques (Table 1). A model con-
taining residues 4 to 157, one sulphate ion and 83 water mol-
ecules has been built and subsequently refined at 2.1
resolution. The present model has a crystallographic R-factor of
15.6% and shows good stereochemistry (Table 1).

The structure of the protein is composed of a single a/f
domain containing a central four-stranded, parallel open-twisted
B-sheet surrounded by connecting a-helices on both sides (Fig.
la). The secondary structure topology is shown in Fig. 15. Resi-
dues 13-17 form a smooth loop connecting strand 1 and helix
al. A strong density at the amino end of helix al has been
interpreted as a sulphate ion (Fig. 2).

In the refined structure, this sulphate ion forms an extensive
hydrogen-bonding network to the amide peptide groups of the
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