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ABSTRACT Inositol monophosphatase (EC 3.1.3.25), the
putative molecular site of action of lithium therapy for manic-
depressive illness, plays a key role in the phosphatidylinositol
signaling pathway by catalyzing the hydrolysis of inositol
monophosphates. To provide a structural basis from which to
design better therapeutic agents for manic-depressive illness,
the structure of human inositol monophosphatase has been
determined to 2.1-A resolution by using x-ray crystallography.
The enzyme exists as a dimer of identical subunits, each folded
into a five-layered sandwich of three pairs of a-helices and two
13-sheets. Sulfate and an inhibitory lanthanide cation (Gd3+)
are bound at identical sites on each subunit and establish the
positions of the active sites. Each site is located in a large
hydrophilic cavern that is at the base of the two central helices
where several segments of secondary structure intersect. Com-
parison of the phosphatase aligned sequences of several diverse
genes with the phosphatase structure suggests that the products
of these genes and the phosphatase form a structural family
with a conserved metal binding site.

Lithium therapy for manic-depressive illness is believed to
be effective because of the ability of Li+ to reduce signal
transduction through the phosphatidylinositol signaling path-
way (1-5). In this pathway second messengers diacylglycerol
and inositol trisphosphate are produced from phosphatidyl-
inositol-4,5-bisphosphate by the receptor-mediated activa-
tion of phosphatidylinositol-specific phospholipase C (1).
Metabolism of inositol-1,4,5-trisphosphate, which induces
the release of Ca2+ from internal stores, to inositol, a pre-
cursor for the resynthesis of inositol lipids, involves several
hydrolytic steps (1, 6). Uncompetitive Li+ inhibition of two
Mg2+-dependent phosphatases in the signaling pathway,
inositol monophosphatase (EC 3.1.3.25) (5) and inositol poly-
phosphate 1-phosphatase (refs. 7 and 8; also designated
inositol-1,3 ,4-trisphosphate/inositol-1 ,4-bisphosphate
1-phosphatase, ref. 9), reduces the pool of inositol available
for the resynthesis of inositol phospholipids, thereby reduc-
ing the phosphatidylinositol-specific phospholipase C-medi-
ated production of second messengers (1, 2). The effects of
Li+ on manic-depressive illness are surprisingly specific, in
part because of the inability of inositol to cross the blood-
brain barrier and replenish depleted inositol levels but also
because of the uncompetitive Li+ inhibition (1, 2), which
exerts the greatest influence when substrate is saturating (10).
Because inositol monophosphatase is responsible for cata-
lyzing the hydrolysis of inositol monophosphates produced
both in the signaling pathway and in the de novo biosynthesis
of inositol from glucose 6-phosphate, it appears to be the
most plausible molecular site of action ofLi+ (1, 2). As a first
step toward the goal of using the atomic structure of the
enzyme to design inhibitors, the crystal structure of human
inositol monophosphatase, a dimer of identical 277-amino

acid subunits (30 kDa; ref. 11) has been determined to 2.1-A
resolution. §

EXPERIMENTAL PROCEDURES
Materials. Cloned human inositol monophosphatase was

purified from Escherichia coli as described (11) and crystal-
lized by vapor diffusion (12). Because inositol monophos-
phatase is inhibited by Ca2+ (5), crystallization experiments
were attempted in the presence of both Ca2+ and Gd3+, a
heavy metal substitute for Ca2+ (13). Hanging drops were
prepared by adding equal volumes (2-4 1.L) of solutions of
64-68% saturated Li2SO4 (Fluka; adjusted to pH 7.0) con-
taining 5 mM glutathione, 3 mM NaN3, and either 2-6 mM
Gd2(SO4)3 (Aldrich) or 5 mM CaSO4 and of inositol mono-
phosphatase (10 mg/ml) containing 20mM Tris HCl (pH 7.8),
1 mM EGTA, and 2 mM o-phenanthroline and allowing the
drops to equilibrate for several weeks. Cylinders with a
hexagonal cross section formed within 3 days in the presence
of Gd3+ and within 2 months in the presence of Ca2 .
Data Collection. Native and derivative data were collected

from single crystals by using monochromatic CuKa x-rays (A
=1.5418 A) and a Siemens multiwire x-ray area detector.
Data were processed by using Version 2.0 of the XENGEN
software (14). To optimize the accuracy ofthe observation of
anomalous scattering for the Gd3+ derivative, data sets (d >
2.6 A) were collected in complementary to scans, one starting
at the angles 4, X, w, and 26 and collecting frames with an
oscillation of +Aw and the second starting at the angles 4, X,
-wo, and -26 and collecting frames with an oscillation of
-Acw. Values of AF for the Friedel pairs of the Gd3+ deriv-
ative were calculated using data that had been reduced
without merging the Friedel pairs. For refinement of the
structure of the Gd3+ complex, higher-resolution data were
collected from a second Gd3+ crystal and merged with data
from the first crystal, with the data from each crystal reduced
with the Friedel pairs merged.

Structure Solution. Precession photography and intensity
data indicated the space group was either P3221 or P3121
with cell dimensions a = b = 86.2 A and c = 154.3 A. The
solvent content was estimated (15) to be 55% on the basis of
the unit cell volume and the assumption that the asymmetric
unit of the crystal was a phosphatase dimer (60 kDa).
Difference Patterson maps, calculated using observed struc-
ture factors from Ca2+ and Gd3+ crystals of the phosphatase,
clearly revealed two high-occupancy metal binding sites. An
anomalous difference Patterson map was calculated using
filtered structure factors (16) from the Gd3+ crystal and
yielded the same two sites. The presence oftwo metal binding
sites was consistent with the hypothesis that the asymmetric
unit was composed of an inositol monophosphatase dimer.

tTo whom reprint requests should be addressed.
§The atomic coordinates and structure factors have been deposited
in the Protein Data Bank, Chemistry Department, Brookhaven
National Laboratory, Upton, NY 11973 (reference ID code 1HHM)
and will be available for distribution after January 1993.
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Heavy atom refinement was performed with the program

TCTREF (17) as modified and enhanced by V. Ramalingam
(personal communication) using only the isomorphous dif-
ferences and pseudo scattering factors to represent the elec-
tron difference between Ca2+ and Gd3+. Initial phases were

calculated from the native and derivative data using the
refined heavy atom parameters and from the differences
between Friedel pairs in the derivative data using the scat-
tering factors for Gd3+. Electron density maps were calcu-
lated using these phases and indicated that P3221 was the
correct space group and provided an outline of the protein
and some structural details.
A mercury derivative was produced by soaking a crystal

grown in the presence of Gd3+ with 2 mM sodium mersalate,
added in a solution containing 75% saturated Li2SO4, 2.5 mM
Gd2(SO4)3, and 20 mM Tris buffer adjusted to pH 7.1. The
heavy-atom structure of the mersalyl and Gd3+ derivative
could not be determined from a difference Patterson map,
although the known Gd3+ sites were evident in an anomalous
difference Patterson map. However, a difference electron
density map, calculated using native (Ca2+) and derivative
(mersalate/Gd3+) structure factors and preliminary phases
from the isomorphous Gd3+ derivative after solvent flattening
(18) revealed the two Gd3+ sites, 12 Hg sites at various
occupancies, and the noncrystallographic symmetry between
the two phosphatase subunits. Heavy-atom positions and
occupancies were refined using TCTREF (17) as modified and
enhanced by V. Ramalingam (personal communication) with
the noncrystallographic symmetry constraint and new phases
were calculated. These phases were improved using solvent
flattening (18, 19) and the resulting electron density map was
averaged using noncrystallographic symmetry (20).
The program FRODO (21) was used to build the protein

chain into the electron density map and the structure was
refined using PROLSQ (22, 23), treating the subunits as inde-
pendent protein segments throughout refinement. The model
was refined using data from the Gd3+ crystals because of the
inability to grow large Ca2+ crystals. Approximately 10%o of
the residues appeared to be disordered and were either left
out of the model, including the N-terminal three residues and
C-terminal residue, or refined as multiple conformations. In
three regions having the highest temperature factors in the
protein, residues 29-33, 75-80, and 275-276, some disorder
is still apparent and the model remains somewhat uncertain.
Electron density supporting the model returns in these re-

gions in omit maps calculated using coordinates that had been
refined for three cycles with up to 15 residues of the chain
removed. The final model, with a crystallographic residual
error (R) value of 0. 166 (Table 1), includes two protein chains
of 273 residues, two Gd3+ atoms, two metal-bound sulfates,
and 239 water molecules and has an average temperature
factor of 26 A2.

RESULTS
Structure. Inositol monophosphatase is an a-,B protein

with a five-layered sandwich of a-helices and ,B-sheets for
each subunit (Fig. 1A). In each phosphatase subunit, a
central pair of helices are flanked by two 8-sheets, both
largely antiparallel, that together make up a central core. This
core is flanked on each side by two additional pairs ofhelices,
establishing a sandwich of alternating pairs of helices and
j3-sheet structures (a arI3a). The structure is completed by
two small helices, approximately two turns each, and several
extended or irregular segments of protein chain. The subunit
interface is extensive and involves interactions distributed
throughout the chain (Fig. 1B): 10% of the surface area on
each subunit is buried upon dimer formation (1200 A2;
roughly two-thirds nonpolar atoms) and 17% of the residues
on each subunit are close enough to participate in the

Table 1. Statistics for structure determination
Native Gd3+/

Parameter (Ca2+) Gd3+ mersalate
Diffraction data

Resolution, A 2.60 2.10 3.00
Crystals, no. 1 2 1
Total observations, no. 64,631 167,162 50,419
Unique observations, no. 19,468 34,469 12,689
Completeness, % 93.3 98.2 93.0
(I/0rI) 21.1 24.1 10.1
Rmerge 0.064 0.059/0.097 0.075

Phasing
Heavy atom sites, no. 2 14
Isomorphous differences, no. 14,871 10,311
Anamolous differences, no. 9,690
rms FH/residual 0.90 1.27
RCuffis 0.64 0.57
Ranom 0.69
(Figure of merit) 0.52
(Figure of merit) after

solvent flattening 0.81
Refinement

Rcryst 0.166
Protein atoms, no. 4,044
Metal cations, no. 2
Sulfates, no. 2
Waters, no. 239
rms deviations from ideal
Bond lengths, A 0.018
Angles, degrees 1.5

Rmcrge = [MI Ij(h) - (I(h))I/(Q: Ij(h)]; summations done over all
reflections from a crystal. rms FH/residual = phasing power, where
FH is the rms calculated heavy atom structure factor and residual is
the rms lack of closure error. Rcuvis = (Y. IFPHcaic - FPHobsl)/('z
IFPHobs - FPI); for centric reflections only, where FPH is the
derivative structure factor and FP is the native structure factor. rms
Ranom = rms phase averaged anomalous residual divided by the rms
observed anomalous difference. Rcryst = (I IFobs - FcsacI)/(X IFobsl).
exclusion of solvent from the interface (25, 26). The dimer is
further stabilized by the formation of 18 hydrogen bonds
(donors or acceptors within 3.3 A of partners) between the
subunits. When the two subunits are aligned, the root mean
square deviation between all a carbons is 0.26 A, indicating
that the core structures of the subunits are almost identical.
Significant deviations between the main-chain structures of
the subunits, with root mean square deviations up to 1 A,
occur only in turns and solvent-exposed, extended, or irreg-
ular segments of the chain. Differences in the side-chain
conformations on each subunit are more prevalent than
main-chain differences but also appear restricted to solvent-
exposed residues.

Active Site. The two active sites are identified by the
locations of the Gd3+ atoms, since Gd3+ and Ca2+ bind at the
same site and because Ca2+ is a competitive inhibitor with
respect to Mg2+ (5). In addition, sulfate molecules are bound
to the Gd3+ on each subunit and would be expected to interact
with the enzyme in the essentially same manner as the
phosphate group of substrates or phosphate product. Some
penetration of residues from the B subunit into the active site
of the A subunit is observed, but it does not appear that the
active site is shared between subunits. In particular, Arg-191
projects through the subunit interface and interacts with the
solvent filling the active site, but remains a distance of 11 A
from the metal binding site. The active site caverns are
surprisingly large and hydrophilic, apparently much larger
than would be required to accommodate inositol monophos-
phate. In addition to the sulfate and cation, -30 molecules of
solvent fill the active site caverns and slightly >50% of the
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FIG. 1. Stereo drawings of stylized ribbon representations of the secondary structure of the inositol monophosphatase monomer (A) (24)
and dimer (B). The view of the monomer is into the subunit interface of the molecule and the active site is identified by the Gd3+. The view
of the dimer is approximately down the dimer twofold axis and shows the locations of sulfate (ball and stick) and Gd3+ (orange sphere).

surface of the active site is contributed by polar atoms with
no large hydrophobic patches evident.
Within 3 A of the metal cation on each subunit are nine

atoms that are possible metal ligands, including both carbox-
ylate oxygens of Asp-90 (2.38 A and 2.95 A), the carbonyl
oxygen of Ile-92 (2.44 A), the hydroxyl group of Thr-95 (2.80
A), one carboxylate oxygen of Glu-70 (2.50 A), two oxygens
of the bound sulfate (2.59 A), and two molecules of water
(2.62 A and 2.61 A; Fig. 2). Residues 90-95, which contribute

four of the metal ligands, form an unusual kinked structure
that wraps around the metal. These metal-ligand distances
were unrestrained during refinement and the mean distance
is 2.63 A. The sum of the ionic radius for nine coordinate
Gd3+ and the van der Waals radius for oxygen is -2.7 A, so
atoms further than 2.7 A from the metal cation, including one
carboxylate oxygen of Asp-90 and Thr-95 and one of the
sulfate oxygens, may be questionable as ligands. Although
lanthanide cations commonly have as many as eight or nine

FIG. 2. Stereo drawing of the inositol monophosphatase active site showing the residues involved in Gd3+ and sulfate (solid bonds) binding.
Possible intermolecular hydrogen bonds are indicated by dotted lines and possible coordinate bonds are indicated by dashed lines.
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coordinating ligands, only six ligands are expected to coor-

dinate to Mg2+ (27) with the most likely candidates being the
six atoms closest to the Gd3+.

In addition to interactions with the metal cation, sulfate
binding involves the formation of hydrogen bonds between
one sulfate oxygen and the amide groups of residues 94 and
95 (Fig. 2). Further electrostatic stabilization ofanion binding
to the protein may be provided by alignment of the dipole of
the two-turn helix spanning residues 95-100 with the sulfate
oxygen. Two water molecules also stabilize sulfate binding
by forming hydrogen bonds with both the sulfate and protein,
one by hydrogen bonding to the sulfate 01, carboxylate of
Asp-93, and amide group of Ala-196 and the other by hydro-
gen bonding to the sulfate 03 and side chains of Asp-220 and
Trp-219. Asp-93 and Asp-220 are within hydrogen bonding
distance of each other and of one of the sulfate oxygens and
would be expected to destabilize sulfate binding unless one of
the residues is protonated.

DISCUSSION
Studies of bovine inositol monophosphatase have not pro-

vided evidence to distinguish unequivocally between alter-
nate mechanisms of phosphate hydrolysis involving either
the attack of an enzyme nucleophile or the direct attack of
water on the substrate phosphoryl group (28-33). Interpre-
tation of the structure to provide definitive support for one of
the mechanisms is not possible due to the difference in metal
coordination that is expected when the normal cofactor Mg2+
is bound rather than Gd3+. Furthermore, sulfate (K, = 17
mM; ref. 5) may not coordinate to the metal in exactly the
same manner as phosphate (Ki = 0.5 mM; ref. 28) or

substrate. With these qualifications in mind, two possible
nucleophiles can be identified based on the hypothesis that
sulfate interacts with the enzyme in the same manner as

phosphate: a metal-coordinated water molecule (Fig. 2, 05)
and the metal-coordinated hydroxyl group of Thr-95 (Fig. 2).
Of the two possibilities, the water is closer to the sulfate and
in a more appropriate location to act as the active site
nucleophile. The closest histidine or serine residues are

located a distance of >8 A from the sulfate sulfur and are

poorly positioned relative to the metal binding site to function
as nucleophiles. Although the structure of the phosphatase
can not unambiguously resolve questions concerning the
mechanism, it does provide a framework from which exper-

iments can be designed to improve our understanding of the
function of the phosphatase.

Recently, sequence similarity has been noted between
inositol monophosphatase and the inferred products of sev-

eral diverse genes (29, 34) including the products of the suhB
and amtA genes of E. coli, the qa-x gene of Neurospora
crassa, and the qutG gene of Aspergillus nidulans. Based on
the homology with inositol monophosphatase and evidence
implicating these genes in the regulation of cellular processes
(35-39), it was suggested that these genes act by enhancing
the synthesis or degradation of phosphorylated messenger
molecules (34). In mapping the aligned sequences of these
genes onto the phosphatase structure, patterns of residue
hydrophobicity are maintained in the structural core while
insertions and more dramatic sequence variations occur in
irregular segments, turns, or solvent-exposed residues. Very
striking is the observation that residues from which the metal
and phosphate binding sites are formed (see Fig. 2) are
conserved in the sequences of these diverse genes (Fig. 3).
From these observations it appears that the phosphatase,
suhB, amtA, qa-x, and qutG are members of a structural
family and have a conserved metal binding site. In addition,
the possibility that the products of suhB, amtA, qa-x, and
qutG have phosphatase activities (34) is strengthened.

Inositol polyphosphate 1-phosphatase, the other enzyme in
the phosphatidylinositol signaling pathway that is inhibited by

IrregularI a

ESSPVDLVTATRQKVZ 36-51 n1

KDSAVDIVTQTD:DV: 56-71 qa-x

KENAVDLVTQTDEDVZ 44-59 qutG

QKGSNDFVTNVDKAAZ 33-48 suhB

SKADNSPVTAADIAAH 30-45 amtA

metal metal
binding a Irregular 1 binding a

\ / / ~~~\\ I
IGfSVAAGE--- KSILTD--NPTWIIDPIDGTTNF 68-98 IMP

IGEETYAKSSQSTRPYLVTHTTPTWVIDPIDGTVNY 88-123 qa-x

LGSYAKGE- -SREYLIDE-QPTWCVDPLDGTVNW 76-108 qutG

ITZZS---GE---LZGTDQ--DVQWVIDPLDGTTNF 65-92 auhB

LS=D--PPG---WZVRQHW-QRYULVDPLDGTKEF 62-91 amtA

SDPALDSVE--INIPQQ--ILGSW-VDPIDSTYQY 132-161 IPP

3 irregular a

\ /I
YYW.-IHCmVAG1GIIVrZAGGVL 211-235 IMP

WWEGG-C WDVAAGIAIILQZAGGLI 253-277 qa-x

WWZGG-CWDVAGIAILIZAGGLV 242-266 qutG

1TZIG-LRPUDFAAGELLVRZAGGIV 203-227 auhB

YPRFGPTNIWDTAAGHAVAAAAGAHV 195-220 amtA

UDSCAAHAILRAMGG 316-330 IPP

FiG. 3. Alignment (34) of two segments of the protein sequences
of human inositol monophosphatase (IMP), the inferred products of
E. coli genes suhB (35) and amtA (36), the N. crassa qa-x (37) and
A. nidulans qutG (40) gene products, and bovine inositol polyphos-
phate 1-phosphatase (IPP; ref. 8). Features of the inositol mono-
phosphatase structure are mapped onto the phosphatase sequence
and monophosphatase active site residues that may have functional
roles are underlined. Conserved residues are in boldface type;
residues involved in metal or sulfate binding are underlined.

Li+, has also been cloned (bovine), sequenced, and expressed
in E. coli (8). Although the enzyme appears to have no overall
sequence homology with inositol monophosphatase, an align-
ment of the two protein sequences is possible in two regions
(Fig. 3 and refs. 8 and 34). Intriguingly, these regions include
most of the residues from which the metal and phosphate
binding sites of the monophosphatase are constructed. Un-
competitive inhibition of both enzymes by Li+ and the pos-
sibility that the enzymes have the same metal/phosphate
binding site suggests that Li+ binding involves components of
this site. Unfortunately, Li+ is virtually invisible in an x-ray
crystallographic experiment because it has only two electrons.
In addition, because Li+ is an uncompetitive inhibitor, a
substrate, product, or reaction intermediate (should any exist)
is required for Li+ binding. Therefore, the Li+ binding site will
remain uncertain unless the species to which Li+ binds can be
identified unambiguously. Fortunately, meeting the challenge
of using the atomic structure of inositol monophosphatase to
design inhibitors of the phosphatase that affect signal trans-
duction in the same manner as Li+ may not require identifying
or utilizing the Li+ binding site.
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