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Abstract

Two high resolution crystal structures Bfcherichia colialkaline phosphatasé\P) in the presence of phosphonate
inhibitors are reported. The phosphonate compounds, phosphonoacetiA&icand mercaptomethylphosphonic acid
(MMP), bind competitively to AP with dissociation constants of 5.5 and 0.6 mM, respectively. The structures of the
complexes of AP with PAA and MMP were refined at high resolution to crystallograivialues of 19.0 and 17.5%,
respectively. Refinement of the AP-inhibitor complexes was carried out using X-PLOR. The final round of refinement
was done using SHELXL-97. Crystallographic analyses of the inhibitor complexes reveal different binding modes for
the two phosphonate compounds. The significant difference in binding constants can be attributed to these alternative
binding modes observed in the high resolution X-ray structures. The phosphinyl group of PAA coordinates to the active
site zinc ions in a manner similar to the competitive inhibitor and product inorganic phosphate. In contrast, MMP binds
with its phosphonate moiety directed toward solvent. Both enzyme-inhibitor complexes exhibit close contacts, one of
which has the chemical and geometrical potential to be considered an unconventional hydrogen bond of the type
C-H---X.
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Alkaline phosphatase fromscherichia coliEC 3.1.3.1, APisa  Wyckoff, 199]). The structure of the phosphate-free enzyme has
homodimeric, metalloenzyme catalyzing the nonspecific hydro-been determined to 2.8 A resoluti¢Bowadski et al., 1983, 1985
lysis of phosphate monoesters. The enzymatic reaction proceedslditional X-ray structures of AP in recent studies have focused
through a phosphoseryl intermediate to produce inorganic phosan capturing different steps in the catalytic cycle of AP. The phos-
phate and an alcohol. AP has been extensively studied and is @ghoseryl catalytic intermediate has been captured in a crystal struc-
model system for understanding enzymatic catalysis involving metalure of the H331Q mutant determined to 2.3(Rlurphy et al.,
ions. Each active site of AP contains one magnesiunghdg) and 1997). The X-ray crystal structure of the AP-vanadd¥Os)
two zinc ions(Zn, and Zn) that roughly trace a triangle. Almost complex determined to 1.9 A serves as a model for the proposed
identical catalytic triads can be found in two related phosphoestertransition state in the formation and decomposition of the covalent
ases, phospholipase C froBacillus cereugHough et al., 1989  phosphoseryl intermediatéloltz et al., 1999. In this study, com-
and P1 nuclease frofenicillium citrinum(Volbeda et al., 1991 plexes of the enzyme with competitive phosphonate inhibitors are
The metal binding sites of these enzymes have ligands with siddetermined by X-ray crystallography. These structures are the first
chains of similar chemical identity and arrangemé@bleman, enzyme-phosphonate complexes of AP determined by X-ray crys-
1992. tallography. Although intended to provide structural models for the

The proposed two-metal ion-assisted catalytic mechanism of ARoncovalent enzyme-substrate complex, the only catalytic step of
is based on the high resolution X-ray crystal structure of the wild-AP without a structural representation, the structures with the phos-
type enzyme in a complex with inorganic phosphékém & phonates bound in the active site provide valuable information on
alkaline phosphatase inhibition and sheds light on the limitations
of phosphonates as phosphatase inhibitors.

Reprint requests to: Evan R. Kantrowitz, Boston College, Department of The inhibition of AP presents a unique challenge since the active
Chemistry, Merkert Chemistry Center, Chestnut Hill, Massachusetts 02467t pocket is characteristically shallow. Inorganic phosphate, one

e-mail: evan.kantrowitz@bc.edu. . L . . d
Abbreviations:AP, alkaline phosphatase; PAA, phosphonoacetic acid;of the tightest binding inhibitors dt. coli AP, essentially fills the

MMP, mercaptomethylphosphonic acid: R166A, alkaline phosphatase ireNtire volume of the active sit&im & Wyckoff, 1991). While this
which arginine at position 166 is replaced with an alanine. feature allows the enzyme to hydrolyze a wide variety of substrates
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close to the same rate regardless of the nature of the R group, @rystallography
does not afford many opportunities for enzyme-ligand interactions

For this reason, phosphonatésngel, 1977; Holden et al, 1987; PAA and MMP, structural determinations of the enzyme-inhibitor

Lejczak et al., 1989; Bartlett et al., 1990; Kim & Lipscomb, 1990; ) -
Morgan et al., 199 widely used as nonhydrolyzable analogs of complexes were performed. The refinement statistics for both AP-
; inhibitor structures are reported in Table 1. Initial refinement of the

the parent phosphate monoesters, are generally not very Stro%-inhibitor structures was done with X-PLORringer, 1992

:zglrbg%rii ofﬁgs igig{%e' I,\: )f at\:/;:g;zltlé(gorgar;lc;cr)]r&s tgﬁgg:tlgdeand the final refinement was carried out with SHELXL{&held-
g phosp p pv b rick & Schneider, 199¥. Full matrix refinement using SHELXL-97

(0.054M) (Reid & Wilson, 1971; Ohlsson & Wilson, 1974; Lopez (Sheldrick & Schneider, 1997n the final stage provides coordi-

etal., 1976 are the most potent inhibitors of AP. Recently reported nate errors(ESD) for interatomic distances in the AP-inhibitor

are a group of new phosphonate inhibitors of metallophosphatases ) ey
(Myers et al., 199Ythat contain pendant groups capable of liga- complexegTable 3. For the AP-PAA complex, the findk-factor,

tion to active site metals. Even the most poorly binding of thesecalculated at 2.20 A resolution, is 0.190, and the final Refactor
: poorty 9 is 0.257. The final model includes 513 water molecules. For the

compounds displays enhanced inhibition of metallophosphataseEP_MMP complex, the finaR-factor, calculated at 2.00 A reso-
relative to an unsubstituted phosphonate. The inhibitory potency olf ' ! '

. ution, is 0.175, and the final fre®-factor is 0.229. The final
o-mercaptophenylphosphonic adi@.21 uM), the most potent of model includes 552 water molecules.

these small molecule inhibitors, substantially exceeds that of van- The overall structures of both the AP-PAA and the AP-MMP

adate and phosphate for bovine intestinal alkaline phOSphat"’lsceomplexes are remarkably similar to the structure of the wild-type
(Myers et al., 199Y.

. ._enzyme. The root-mean-square displacem@&ISD) of back-
To better understand phosphonate inhibition of AP and Itsbone atoms between the structure of the wild-type enzyme and the

improvement, two of these functionalized phosphonic acid Com'structures of the enzyme-inhibitor complexes was determined. These
pounds (Fig. 1), phosphonoacetic acidPAA) and mercapto- Y b :

L differences are plotted as a function of residue number in Figure 2.
methylphosphqna_té_MMP), have be_en evaluated kinetically ._and The average RMSD between the AP-PAA structure and the wild-
structurally as inhibitors and potential substrate analods. @oli

: o . .. type structure is 0.18 and 0.20 A for the backbone atoms of the A
alkaline phosphatase. These inhibitors are not the tightest blndlngnoI B chains, respectively. In the case of the AP-MMP structure,

phosphonate inhibitors available; however, structural analyses hay; . :
shed light on the difference in binding affinities of these two in- tﬁe same comparison gives 0.11 A for the backbone atoms of both

hibitors. Structural analyses have also provided some uidelinetst]e Aand B chains.
’ Y P 9 Refinement of the inhibitors indicates partial occupancies for

f_or th? _development o_f more potent_ inhibitors of AP and fo_r '3 oth PAA and MMP. The occupancy of PAA in each active site of
tionalizing observed binding potencies of the currently available, . . . ' .
inhibitors the dimeric enzyme is 70% based on occupancy refinement, while
' the occupancy of MMP in each active site is 65% based on occu-
pancy refinement. Despite partial occupancies, excellent electron
Results density is observed for the inhibitors bound in the active sites in
both the &, — F;. andF, — F. maps(Fig. 3). The maps indicate

Inhibition constants for AP in the presence of PAA and MMP  reliable structures with accurately positioned residues and inhibi-

To acquire an explanation for the difference in affinity between

The phosphonate inhibitors PAA and MMP competitively inhibit
AP with K; values of 5.5+ 0.3 and 0.6+ 0.1 mM, respectively,
under standard assay conditions of 1.0 M Tris pH 8.0. The inhi-

bition constants were calculated from double-reciprocal data. PAATable 1. Refinement statistics for the structures of the AP-PAA
a modest competitive inhibitor of. coli alkaline phosphatase, and AP-MMP complexes

binds about nine times more weakly than MMP. The difference in
K; values between PAA and MMP represent$.3 kilocalories per
mole of binding energy. The only difference between the two

Complex AP-PAA AP-MMP

Working R-factor

phosphonates is the substitution of a carboxylate group in PAAfor , = s 0.151 0.135
a thiol in MMP. Both of these groups are Lewis bases and electron | refiections 0.190 0.175
donors. Both functional groups are known to form complexes withgree R-factor®
divalent metal ions and have the potential to form complexes with 4¢ cutoff 0.212 0.186
the zinc ions in the active site of alkaline phosphatase. All reflections 0.257 0.229
Water molecule® 513 552
RMS deviations
Bond lengthsA) 0.02 0.02
o 0 0 Bond angleddeg 1.92 2.00
| | Divecral angiosden 207 208
ihedral anglegde . .
—o)]\/P\\o— HS\/P\\O‘ ’
O O aThe use of cross-validation with oriefree involves the random par-
Phosphonoacetic Acid Mercaptomethylphosphonic Acid titioning of a small percentagd 0% of the observed intensities into a test
(PAA) M setT. The reflections placed in the test set are not used in the refinement
rocess.
Fig. 1. Structures of AP inhibitors phosphonoacetic ad#A) and mer- P bContour levels in théF, — F.) density maps of 2& were used to

captomethylphosphonic acid/MP). identify peaks for water placement.



Two alkaline phosphatase-inhibitor structures

Table 2. Enzyme-inhibitor interactions and distances for AP-PAA

and AP-MMP complexes

Distance(A)
(subunit A/subunit B2

Complex Enzyme-inhibitor interaction
AP-PAA Zny- - -0a-PO,-R (phosphonaté

Zn, - - -Og-PO,-R (phosphonate

Zn; - - -O-C(O) (carboxy)

11 (Arg166)- - -CH, (methylene

12 (Argl66)- - -OcPO,R (phosphonate

Ce (His412- - -CH, (methylene

N (Ser102. - -CH, (methyleng
AP-MMP Zmy - - -thiol

Oy (Ser102- - -thiol

11 (Arg166)- - -CH, (methyleng
Ce (His412- - -CH, (methylene
N (Serl02- - -CH, (methyleng

1.59(0.21)/2.15(0.15
1.78(0.38/1.71(0.3D
3.20(0.40/3.60(0.34
2.72(0.30/2.91(0.15
2.73(0.34/2.72(0.14)
3.12(0.14/3.20(0.12
2.82(0.14/3.05(0.12)

2.30(0.09/2.30(0.06
2.65(0.05/2.75(0.06)
2.73(0.11/2.87(0.10
3.20(0.19/3.20(0.12
3.12(0.09/3.11(0.07)

agstimated standard errors for bond distances are given in parentheses.
bPhosphonate oxygen atoms are distinguished by the subscripts A, B, and C.

tors. Analysis of the structural data indicates different modes ofActive site of AP with bound PAA

binding for PAA and MMP in the active site and some unexpecte
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dThe F, — F. andF, — F. maps(Fig. 3A) clearly show PAA bound

enzyme-inhibitor interactions as discussed below.
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in the active site cleft of AP. The tetrahedral phosphinyl group of
PAA s orientated in a manner similar to inorganic phosphate bound
in the active site of the enzyme. The phosphinyl group bridges the
two zinc ions using two of its three oxygen atoms to coordinate the
metal ions. The third oxygen of the phosphonate portion forms a
hydrogen bond to a terminal guanidino nitroden) of the Arg166

side chain. In addition, the binding mode of PAA is also charac-
terized by close contacts between the inhibitor and the enzyme.
The methylene carbon of PAA is in close proximity to the guani-
dino nitrogen(z,) of Arg166 (2.7 A+ 0.3/29+ 0.2 A in A/B
siteg, the imidazole ring carboiiCe) of His412 (3.1 + 0.3 A/
3.2+ 0.2 A in A/B site9, and the backbone amide nitrogen of
Ser102(2.8 + 0.1 A/3.1 + 0.1 A in the A/B sites. All these
interactions are much less than the sum of the van der Waals radii.
The importance of these interactions in inhibitor stabilization or
destabilization is discussed. It should be noted that in the wild-type
structure of the noncovalent enzyme-phosphate complex, a close
contact is also observed between thedarbon of His412 and an
oxygen of inorganic phosphate. The terminal carboxylate of PAA
is 3.2 and 3.6 A away from Zrin the A and B sites, respectively.

A summary of the relevant AP-PAA interactions and corresponding
distances is provided in Table 2.

Active site of AP with bound MMP

The ZF, — F. andF, — F. maps for MMP(Fig. 3B) shows un-
ambiguously the reverse orientation of this phosphonate inhibitor
in the active site of AP with the thiol functionality of the inhibitor
directed into the active site as a ligand to,Zmith an average
Zn. - .S distance of 2.3 A. Modeling and refinement of the inhib-
itor in the other orientation, i.e., with the phosphinyl group di-

Fig. 2. The plot of the RMSD of the main-chain atoms vs. the residuerected into the active site, results in a very poor fit to the density

number betweer(A) the AP-PAA and the wild-type structures afi) the
AP-MMP and the wild-type structures. RMSD of the A chains is repre-
sented by the solid line. RMSD of the B chain is represented by the dashe

map and higher thermal vibration coefficients for the sulfur of the
'thibitor. In the reverse orientation, the thiol group of the inhibitor

line. Note both structural complexes are highly correlated with the wild-1S also in a position to form a short hydrogen bond to the O
type structure with the average RMSD below 0.2 A in both comparisonsoxygen of the Ser102 nucleophile. ThesG-S interaction is 2.6
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Fig. 3. Stereoview of the final models of the active site of AP with inhibitors boyAd:AP-PAA and(B) AP-MMP. The models are
superimposed with their respectiv€,2— F. density mapgin yellow) contoured at 15 and omitF, — F. density map<in red)
contoured at 3&. Residues are color coded according to formal chénggative, red; positive, blue; neutral, light blu@artial
phosphate occupancy is also shown in the AP-PAA complex. Some crucial distances in both complexes are also given.

and 2.7 A in the A and B sites, respectively. The orientation ofrather than the phosphonate group of MMP. The distance between
MMP also places the phosphonate portion of the inhibitor outsideZn, and the thiolate is 2.3 A in agreement with -ZnS distances

of the active site directed out into solution. The phosphinyl oxygenfound in other metalloprotein&hakrabarti, 1980 The hydroxyl
atoms have no direct interactions with the enzyme. Similar to PAAgroup of the Ser102 nucleophile forms a short hydrogen bond to
the methylene carbon of MMP is in close contact to the guanidinahe thiol group of MMP. The phosphonate group, however, is
nitrogen atom(n;) of Arg166 (2.7 + 0.1 A/2.9+ 0.1 Ain A/B completely removed from the catalytic center. Based upon the AP
siteg, the imidazole ring carboiiCe) of His412 (3.2 + 0.2 A/ complex with PAA, phosphonate groups have the potential to form
3.2+ 0.1 Ain the A/B siteg, and the backbone amide nitrogen of at least three very strong salt bridges with active site features of
Ser102(3.1+ 0.1 A/3.1+ 0.1 A in the A/B sites. These inter-  AP. The phosphinyl oxygen atoms can coordinatg &nd Zry and
actions and the unexpected conformation adopted by MMP arearticipate in a hydrogen bond with the guanidino side chain of
discussed. A summary of the relevant AP-MMP interactions andArg166. The combined enzyme-oxygen interactions that could oc-
corresponding distances is provided in Table 2. cur between the phosphonate moiety and the active site zinc ions
and Arg166 are forfeited for a direct metal-sulfur interaction and a
short S--H---O hydrogen bond. The active site’s preference for
the thiol group over the phosphonate moiety in MMP may be
correlated with its kinetic binding affinity. MMP haskq value of

0.6 mM for MMP, approximately ninefold lower than that ob-
served for PAA. Prior to crystallographic analysis, a basis for this
The reverse binding mode of MMP is unexpected. The structuradifference in inhibitor binding was unknown.

study with MMP reveals an alternative binding mode for a phos- The observed difference in binding affinities reflects the stron-
phonate compound in the active site of AP. Crystallography idenger interactions of the thiol group of MMP with the enzyme and
tified the thiol moiety of MMP to be the preferred ligand to zinc suggests a potential role for thiols as more potent inhibitors of

Discussion

Reverse binding mode of MMP; implications
for stronger inhibition



Two alkaline phosphatase-inhibitor structures 911

alkaline phosphatases. Although the phosphonate group does nethylphosphonic acid is a substantially better inhibitor than MMP,
have any direct interactions with active site metals, this functionabnd mercaptopropylphosphonic acid is even bdtiéyers et al.,
group may indirectly participate in MMP binding. For example, 1997). In addition, phosphonopropionic acid is a better inhibitor
reasonable concentrations of simple thiols, such as 2-mercaptdhan PAA (Myers et al., 199Y. Clearly, longer inhibitors show
ethanol, thiophenol, and ethanethiol, do not function as inhibitorshigher inhibitory potency within a family of similar functionality.
of the enzyme, suggesting that the negative charge on the phoSonsideration of the two AP-inhibitor structures suggests a reason
phonate is still necessary for binding. The electrostatic surfacéor this trend.
potential of AP indicates a strongly cationic active site. Attractive The interaction between Zmand the carboxyl oxygen of PAA is
forces between the negatively-charged phosphonate group of tHairly long with distances of 3.2 A in the A site and 3.6 A in the B
inhibitor may be important in directing the molecule into the pos-site. Since these distances are rather long, the carboxylate group
itively charged active site pocket. Once in the vicinity of the active cannot be considered a direct ligand to, ZHowever, electrostatic
site, MMP adopts the lowest energy orientation with its thiol groupinteractions operate over longer distances, so the interaction
serving as a ligand to Zrand participating in a hydrogen bond to between Zp and the carboxylate of PAA may offer some stabil-
Ser102. ization. The pendant carboxylate of PAA may participate in a
long-range electrostatic interaction with Zwhile the phospho-
nate group maintains contact with Zand the active site Arg166.

A short interaction between the thiol group of MMP and the Phosphonopropionic acid is a longer molecule and can probably
Oy oxygen of Ser102 makes an important contribution accommodate this reach somewhat better than PAA. MMP, how-
to the inhibitor potency of this phosphonate ever, is too short to make the multiple point contacts of PAA.

The interaction between the thiol of MMP and the Oxygen of _Instegd, MMP forms astrong contact to,f th_e enzyme through
ts thiol group leaving the phosphonate unliganded. The longer

Ser102 s too short to be a standard hydrogen bond and too long {\%rsions of this molecule, such as mercaptoethylphosphonic acid
be a covalent bond. They®- - S distances are 2.65 and 2.75 A for ' p yiphosp

. . . and mercaptopropylphosphonic acid, may make additional con-
e s ) s " et Wi h Zacofcor f h ey g e phosphonate
the estimated errors for the S Oy bond length(0.05 A4/0.06 A in group and are tlherefore better binding inhibitors. Unfortungtely.,
the A/B site$ are taken into account. Reported S-HO hydro- attempts to obtain crystals of the AP-mercaptoethylphosphonic acid

; - ) omplex suitable for structural analysis have not been successful.
gen bond distances in crystal structures range from 3.3-3.6 ased on the present study of the AP complexes with PAA and
(Desiraju & Steiner, 1999 Structural StUdi.eS prqvide examples of MMP, however, the inhibitor length of the phosphonate may pro-
(2)5 ,}l\o((?grtljt g é;srx:rzogi%g;ogg;e?i\tngg (ilgséir_]cg;llc?;se:g?nvide more opportunities for enzyme-inhibitor interactions over-

) o RN ! V o “coming the limitation imposed by the shallow active site pocket.
1995. This distance is 0.25-0.35 A shorter than the typical @
and N --O hydrogen bonds centered around 2.75-2.85D&-
siraju, 1991 and 0.3-0.5 A shorter than the van der Waals contaciThe enzyme-inhibitor complexes in the AP-PAA and
distances. These interactions have been classified as low barri&P-MMP structures can also explain the general
hydrogen bond$LBHB) (Cleland & Kreevoy, 1994; Frey et al., inadequacy of phosphonates as inhibitors of AP
1994; Shan et al., 1996The assignment of LBHBs is typically
based on the heteroatom distance from X-ray crystallographsoand
the observation of a highly deshielded proton'th NMR spec-
troscopy(16—20 ppm. These hydrogen bonds can supply up to
10-20 kcalfmol binding energy. They are often invoked to explain
the enzymatic deprotonation of carbon acids in enzyme syste
(Gerlt & Gassman, 1993Several X-ray crystal structures of en-

The substitution of the bridging oxygen of the substrate with a
methylene group of a phosphonate results in a significant size
change. This substitution reduces phosphonate binding 10-1,000-
fold compared to the substrat&y, = 10 uM) and results in a
rather confined fit in the active site pocket as inferred from the
rrﬁ-ray crystal structures of the AP-inhibitor complexes. The bridg-

ing methylene carbon of PAA and MMP is roughly equidistant
ples of LBHBs suggesting the involvement of the LBHB in transitiorzrhﬁ;wfsr%gn%gzngr:?snilnzltr?r?iza ané;grigﬁni\r?gi ttgfég]rf;?;fs
i‘tsfi/l:;iblcl:)znig?gxu?Eeera?/;?;éelgf’scgrslgiﬁgsa:ﬁ tlhgegfqat:gB the average heavy atom distance between the methylene carbon

. . ' nd thenl nitrogen of Arg166 is 2.8 A. The average heavy atom
sites is 2.70 A, 0.50 A shorter than the van der Waals Comacgistance between the methylene carbon and theabon of His412
d|stance._Thus, _the interaction between the thiol group of MMPis 3.2 A'in both structures. With the inclusion of estimated atomic
and the side chain of Ser102 may represent a novel LBHB eXIStm%rrors(Table 2, these distances fall at the short end limit. For
between a sulfur and an oxygen atom. Bond strength can be Cogxample 3.5 A is the lower limit for G -C interactions wh.ile
related with the distance between the participating heteroatom%, 0Ais l,JsulaIIy the lower limit for weak G -O interactions De-
Thus, the strength of theyd- - S bond may partly contribute to the ~

A siraju & Steiner, 1999
greater inhibitory potency of MMP compared to PAA. While the resolution problem complicates the interpretation of

the interatomic contact distances, the active site pocket probably
cannot accommodate groups much larger than a methylene carbon
at the bridging position. Difluorophosphonates, for example, are
very poor inhibitors of the enzyme. Some of the steric collisions
occurring between an unsubstituted carbon at the bridging position
One of the most puzzling aspects of alkaline phosphatase inhibiand the enzyme may be minimized by the hybridization of the
tion is its dependence on inhibitor length. For example, mercaptoatom. For example, vinyl phosphinic aci¥PA) binds 20 times

The crystal structures of the AP-MMP complex and the
AP-PAA complex provide a useful framework for evaluating
the potency of similar types of AP inhibitors
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more tightly than PAA and twice more tightly than MMR.M. To have the chemical potential to form the C-HN

Holtz, unpubl. obg.without any additional functional groups. Based hydrogen bond, the side chain of Arg166 must be

on the structural study, the general ineffectiveness of phosphonateeprotonated and the methylene proton of the

as inhibitors of AP probably derives from both steric collisions inhibitor must be sufficiently acidic

within the small active site pocket as well as the electronegativity

difference of the oxygen to methylene substitution. These obstaEvidence indicates that the active site of AP significantly lowers
cles to inhibition may be overcome with the addition of pendantthe K, value of the amino group of Arg166, allowing the depro-
groups capable of metal ligation. tonated side chain to function as proton acceptor. The commonly
accepted K, value for the guanidino amino group of Arg166 is
12-13, however, the positively charged active site of #iree
divalent cationy lowers this value to around 7-8. Intrinsi¢p
values have been calculated for the active site Arg166 using the
method of Honig as implemented in the program DELP&tman

The close contacts involving the methylene groups of the inhibi-et al., 1989. The results indicate that thé<p of Arg166 is down-

tors are determined by the formation of a network of strong, dom-shifted by 4.6 units in the presence of the inhibitor and 4.9 U in its
inating hydrogen bonds and salt bridges between the inhibitors andbsence. I§, perturbations of this magnitude in the active sites of
the active site. For example, the thiol group of MMP in the AP- phosphatases and other enzymes have precehaeg & Dixon,
MMP complex forms electrostatic interactions to,Zand the G 1994). The side chain of Arg166 can serve as a proton acceptor and
of Ser102. Similarly, the phosphinyl oxygens of PAA interact with engage in a hydrogen bond with an activated methylene group of
the zinc ions and Arg166 in the AP-PAA complex. The pattern ofthe inhibitors.

close contacts observed between the methylene carbon of the in- The methylene carbon of the inhibitors may be activated for
hibitors and the enzyme probably represent steric collisions angroton donation due to electrostatic stabilization in the active site
unfavorable crowding that is tolerable due to the strength of thesef AP. pK, depressions for carbon acids in the active sites of
other interactions. The fact that the crystallized enzyme associatenzymes are well documenté@erlt & Gassman, 1993The en-

with the inhibitor with soaking, however, suggests that the contactgymatic racemizations of fumarase, citrate synthase, aconitase, and
involving the methylene carbon are not sufficiently destabilizing tomandelate racemase involve abstraction ofgrroton adjacent to
preclude binding. a carboxylate group. The tautomerization reactions of triose phos-
phate isomerase and enolase remove protons from carbons adja-
cent to phosphate dianions and carboxylate groups. Electrostatic
stabilization and neutralization of the carboxylate grdphos-
phate groups are achieved through metal iongandationic side
chains in all the above-mentioned enzym&dint et al., 1992;
Kennedy & Stout, 1992; Gerlt & Gassman, 1993; Flint, 1994;
Zhang et al., 1997 Metal and side-chain coordination of the above
Even though dictated by electrostatic interactions, the close contasubstrates can sufficiently lower th& pof the a-proton by 10
between the guanidino nitrogén;) of Arg166 and the methylene units or more. In an analogous manner, tlg for the methylene
carbon of the inhibitors has the geometrical potential to form agroup of MMP and PAA can be lowered by active site coordination
stabilizing, nonconventional C-H-N hydrogen bond. The rele- of the adjacent functional groups to the metal ions/and\rg166.
vance of C-H--O/N hydrogen bonds in small molecules and In the AP-PAA complex, the phosphinyl group of PAA is neutral-
biological structures has recently gained acceptance and recogrized by interactions with Zn Zn,, and Argl66. The long inter-
tion (Taylor & Kennard, 1982; Desiraju, 1991; Wiberg et al., 1991; action between the carboxylate and, Afso may offer some charge
Steiner & Saenger, 1993; Desiraju & Steiner, 199%he geomet-  neutralization. In MMP, the thiol group is neutralized by inter-
rical properties of these hydrogen bonds have been characterizegttions to Zp and the @ oxygen atom of Ser102. The binding
from neutron and X-ray diffraction structuréBesiraju & Steiner, modes of PAA and MMP in the active site of AP form an electron
1999. Accordingly, C-H --N bonds are slightly longer than sink at the methylene carbon increasing the acidity of the relatively
C-H- - -0 bonds that have distances of 3.0—4.0 A. Despite the usaonacidica-proton of the inhibitor molecules. The active site in-
of refinement restraints, the bond lengths for the- @l inter- duced K, shifts may allow the methylene group to donate a proton
actions in the AP-PAA and AP-MMP complexes lie at the short endto the neutral amino group of Arg166.

limit when coordinate errors are appli€dable 2. The larger Inhibition studies with a mutant AP enzyme do suggest that the
uncertainties associated with the complexes at the resolution of thiateraction between Arg166 and the methylene carbon is weakly
structure determinations may also contribute to the shorter valuestabilizing. In the AP-MMP complex, the inhibitor makes only one
for the heavy atom distances. Furthermore, the extreme limits arelose contact to the guanidinium group of Argl66 through the
not well defined for these types of hydrogen bonds, and due tanethylene carbon. In the R166A mutant AP, arginine at posi-
their weakness they are easily distorted by local environment antion 166 is replaced with an alanine removing the possibility of a
crystal packing forcegDesiraju & Steiner, 1999 Consequently, C-H---N hydrogen bond. Thg; value for MMP inhibition of this

the bond lengths and angles vary over a wider range than theutant is~2.5-fold larger. This reduction in MMP inhibition cor-
conventional hydrogen bond. Despite the short contact distancesgsponds to approximately- 0.5 kca)/mol stabilization energy.
the calculated bond angles for the AP-PA®44) and AP-MMP  Energies for the weakest C-H-O/N interactions are estimated
(157°) complexes after normalizing the geometry are not highlyaround —0.5 kcafmol; however, the energy of van der Waals
bent and are close to the average bond angle of iBCa strong  interactions is also around this val@Besiraju & Steiner, 1999
C-H- -0 bond(Desiraju & Steiner, 1999 The results suggest that Arg166 does make a rather small contri-

The close enzyme-inhibitor distances may represent forced
contacts determined by stronger electrostatic interactions

While the methylene carbon is involved in three close
contacts with the enzyme, at least one has the geometrical
and chemical potential to form a weak, stabilizing

C-H- - -N hydrogen bond
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bution to inhibitor stabilization. Whether this contribution is due to 100 mM Tris, 10 mM MgCJ, 1 mM ZnCl, at pH 7.5? Crystals were

an unconventional C-H -N hydrogen bond or van der Waals in- gradually introduced to the inhibitors by soaking in stabilization so-

teractions cannot be definitively established from this study. lution containing inhibitor. The concentration of inhibitor in the above
stabilizing solution was increased in increments. Before mounting
in glass capillaries, individual crystals of alkaline phosphatase were

Summary soaked at levels of 10 mM PAA and 190 MMP.5

The X-ray crystal structures of the AP-PAA and the AP-MMP
complexes provide valuable information on alkaline phosphatas
inhibition. The pattern of close contacts observed between th
inhibitors and the active site of the enzyme may be due to crystalhe diffraction data were collected using two area detedtorsa
packing forces and a rather small binding pocket in AP. Of theseDetector Systems, San Diego, Califoppidriven by a VAX ALPHA
close contacts, one has the potential to offer stabilization as 8300 computer and linked to Rigaku RU-200 rotating-anode gen-
C-H- - -N hydrogen bond. erator operated at 50 kV and 150 mA using the Crystallographic
Facility in the Chemistry Department of Boston College. Diffrac-
tion data for the AP-PAA and AP-MMP complexes were collected
to 2.20 and 2.00 A, respectively. For both structural complexes, the
data collection statistics are summarized in Table 3. For the struc-
Materials ture of the AP-PAA complex, a total of 59,057 unique reflections
Agar, agarose, ampicillig-nitrophenylphosphate, magnesium chlo- Were obtained from measurements with an average redundancy of
ride, and zinc chloride were purchased from Sigma Chemical Co3-1(Table 3. For the structure of the AP-MMP complex, a total of
(St. Louis, Missouli. Phosphonoacetic acid was purchased from 78,354 unique reflections were obtained from measurements with
Aldrich Chemical Co.(Milwaukee, Wisconsin Mercaptometh- ~an average redundancy of AFable 3. . _

ylphosphonic acid was synthesized according to standard proce- Merging of the reflections was accomplished using the software
dures (Myers et al., 1997, Tris, sucrose, and enzyme-grade Provided by Area Detector Systems. After correction for Lorentz
ammonium sulfate were supplied by ICN Biomedia&ssta Mesa, and polarization effects, a scale factor was c_alculated for multiple
California). Tryptone and yeast extract were obtained from Difco Measurements and symmetry-related reflections.

Laboratorieq Detroit, Michigan.

-ray data collection

Materials and methods

Modeling and structural refinement

Enzyme preparations The coordinates were refined for each inhibitor complex using the

E. coli alkaline phosphatase was isolated as previously describeild-type coordinates foE. colialkaline phosphatase as the initial
(Chaidaroglou et al., 1988E. coli SM547 cells transformed with M0del, with inorganic phosphate and the inhibitor molecule re-
the plasmid pEK48 was used as the host strain for expression gRoved. X-PLOR V. 3.1(Briinger, 1992 and IMPLOR (Poly-
wild-type alkaline phosphatase. The concentration of purified en¥iSion, Inc., Hopedale, Massachusgtsere used to refine the
zyme was determined from absorbance measurements at 280 rifRordinates. SHELXL-97Sheldrick & Schneider, 199vas used

using an extinction coefficient of 0.71 &mg~* (Plocke & Vallee, in the final refinement cycles. Initial electron dens{8F, — F.)
1962. and(F, — F;) maps were calculated. In both cases, the difference

Fourier maps clearly showed extraneous electron density in the
active site corresponding to the inhibitors. The initi&}, — F.)
Enzyme assays maps were used to model in structures of the inhibitors. For the

Alkaline phosphatase activity in the presence and absence of inA-‘P-MMP structure, the inhibitor molecule was modeled in two

hibitor was measured spectrophotometrically usigtrophenyl possible orientations, i.e., one with the phosphonate directed into
hosphate as the substré@aren & Leventhal 196|0Tghe release the active site and the other with the thiol group directed into the
gf thg p-nitrophenolate chromophore was rr,10nitored at 410 nm active site coordinated to ZnThe inhibitor structures of PAA and

Assays were performed on a Beckman DU-64 spectrophotometeMM.P were constructed n Q_UANT/§B|oSym/ MSI’. San Diego,
o . . . alifornia) and energy minimized using the force field CHARMm
Temperature was regulated at 25:00.5°C using a circulating . .
i Brooks et al., 1988 Water ligands to the metal ions were also
constant-temperature bath. The buffer system was 1,0 M Tris pH 8. ihcluded in the second round of refinement. The enzyme-inhibitor
Stock solutions of PAA1.0 M) and MMP(0.1 M) were prepared : y

in deionized waterK; values for PAA and MMP were determined structures were further reflneq by positional re.flnementl, .tempera-
. ture factor refinement, and simulated annealing. Positional and
from double-reciprocal plots of the data.

temperature factor refinement improved working and Rdactors
initially. The refinements were carried out using Silicon Graphics
Crystallization and inhibitor soaking Indigo Il computers. An automated water placement feature of

) ) ) . IMPLOR was used to add solvent water molecules based on the
Wild-type alkaline phosphatase was crystallized by vapor d'ﬁus'ondifference Fourier mapF, — F.), their distance from surrounding
using hanging drops of 1aL. The enzyme solution, at30 mg/

mL, was first dialyzed against a 20% saturated solution of . : »
(NH4),S0O, in 100 mM Tris, 10 mM MgC}, 0.01 mM ZnC}h Occgfﬁg'so?gtﬁ'gﬁg at pH tafn?éfafts?tggzed at pH 7.5 to ensure full
(PH9.5. Crystals formed in reservoirs with the ammonium sulfate 5Tﬁe Alg crystal for mgrcaptomethylphosbhonate was soaked at a level
concentration between 39 and 43% saturated. Crystals were trangt the inhibitor that was six times lower than thé value. Significant

ferred into stabilizing solution containing 55% saturatidé 4),SO,, deterioration of the crystal was observed after soaking atu@dor 6 h.
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Table 3. Data collection summary of the AP-PAA
and AP-MMP complexes
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