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The phosphoinositides are minor phospholipids present
in all eukaryotic cells. They are storage forms for messen-
ger molecules that transmit signals across the cell mem-
brane and evoke responses to extracellular agonists. The
phosphoinositides break down to liberate messenger mol-
ecules or precursors of messenger molecules. Many differ-
ent compounds are formed, although the functions of
only a few are understood. Recent studies elaborating the
pathways for formation of products from phosphoinosi-
tides and the factors controlling their metabolism are
summarized here.

years in the understanding of mechanisms by which cells

respond to extracellular signals. These extracellular signals
are transmitted across the cell membrane by a variety of mechanisms
that utilize messenger molecules. Hormones, peptide growth fac-
tors, neurotransmitters, and other impermeant agonists bind to
specific receptors on the external surface of a cell. Occupancy of
these receptors initiates the production of active messengers, includ-
ing the well-studied cyclic adenosine monophosphate (cAMP) and
cyclic guanosine monophosphate (cGMP) molecules, as well as the
more recently discovered messenger molecules that are derived from
phosphoinositides. Messengers, once formed, evoke a host of
intracellular and cell-to-cell reactions. We have summarized here
recent results from our laboratory on the production and metabo-
lism of the inositol phosphates. Many general review articles on the
physiology of phosphoinositide-derived messenger molecules have
appeared in the last few years (I). The full nature and significance of
many of these compounds is not understood, although at least three
different messenger molecules are known to be produced from
phosphoinositides—arachidonic acid, inositol 1,4,5-trisphosphate
[Ins(1,4,5)P3], and 1,2-diacylglycerol. Arachidonate is oxygenated
to form other mediators including prostaglandins, thromboxanes,
and leukotrienes. Ins(1,4,5)P; functions as a messenger to mobilize
Ca?* from an intracellular site, probably in the endoplasmic reticu-
lum, while diacylglycerol is a messenger that acts as an essential
cofactor for protein kinase C.

Phosphoinositides constitute 2 to 8% of the lipid in cell mem-
branes in eukaryotic cells and are essential for cell survival (2). The
polar head group of these lipids is #yo-inositol, as shown for
phosphatidylinositol (PtdIns) in Fig. 1. A minority of the molecules
contain additional phosphate groups as monoesters either in the 4
position of inositol (phosphatidylinositol 4-monophosphate)
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(PtdIns4P) or in both the 4 and 5 positions of inositol (phosphati-
dylinositol 4,5-bisphosphate) [PtdIns(4,5)P,]. These polyphos-
phoinositides are formed from PtdIns by kinases and are degraded
back to PtdIns by phosphatases, as shown in the upper layer of Fig.
2. In most cells the polyphosphoinositides represent 10 to 20% of
the inositol lipids. PtdIns(4,5)P, is usually less prevalent than
PtdIns4P, and thus the PtdIns(4,5)P, content of cells is only 1 to
10% that of the PtdIns content. Although the function of the
phosphoinositides is only now being elucidated, their structures and
routes of biosynthesis were elucidated around 1960. Kennedy and
co-workers defined the pathway for PtdIns biosynthesis in micro-
somes (3), and the structures of the polyphosphoinositides were
established in a classical series of studies by Ballou and co-workers
(4). Indeed, the methods that Ballou developed remain important
tools in defining the structures of the newly discovered inositol
phosphates described below.

We have only recently begun to appreciate that the phosphoinosi-
tides serve as storage forms of messenger molecules. Hokin and
Hokin first discovered that the phosphoinositides are more actively
metabolized than other lipids (5). They and others subsequently
showed that a large number of tissues displayed accelerated phos-
phoinositide metabolism when stimulated by various agonists (6).
Durell (7), and later Michell (6), suggested that accelerated phos-
phoinositide turnover was a response of cells that reflected the
transduction of signals across the cell membrane. Michell also noted
that accelerated phosphoinositide turnover was linked with cellular
processes that are associated with Ca** mobilization. He therefore
proposed that phosphatidylinositol turnover might in some way
trigger Ca>" mobilization. These predictions have been borne out in
part by recent experiments.

Production of Messengers from
Phosphoinositides

Our current view of the main pathways of phosphoinositide
metabolism is shown in Fig. 2. Phosphoinositides break down

* rapidly in response to occupancy of several types of receptors by

specific agonists (I). The three phosphoinositides are degraded by a
phosphoinositide-specific phospholipase C (PLC) to form diacyl-
glycerol (1,2-DG) and the various inositol phosphates (Fig. 2). The
inositol phosphates are rapidly degraded to inositol (I), which is
utilized for resynthesis of phosphoinositides. Diacylglycerol either is
hydrolyzed by lipases to monoacylglycerol (2MG) and then to free
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arachidonate and glycerol or is phosphorylated by diacylglycerol
kinase to form phosphatidic acid (PA), which is then used in the
synthesis of phosphoinositides.

Most early studies of phosphoinositide metabolism were confined
to PtdIns itself. However, it is clear that the polyphosphoinositides
are also degraded by PLC (8). A single PLC isolated from ram
seminal vesicles can cleave all three phosphoinositides in vitro (9). In
stimulated cells radiolabeled with [*H]inositol, Ins(1,4,5)P; and
inositol 1,4-bisphosphate [Ins(1,4)P,] appear before inositol 1-
phosphate [Ins 1P], thereby indicating that polyphosphoinositide
breakdown is the initial agonist-stimulated event in PtdIns turnover
(10). On the basis of these findings, Berridge has proposed a
“bifurcating signal pathway” wherein, in contrast to the scheme
shown in Fig. 2, all phosphoinositide breakdown proceeds by
phospholipase C action on PtdIns(4,5)P,. According to this idea,
Ins(1,4)P, and Ins 1P are derived from phosphatase action on
Ins(1,4,5)P; (11). Therefore 1 mol of Ins(1,4,5)P; is produced per
mole of diacylglycerol. This proposal has been supported by a
number of studies in which the kinetics of inositol phosphate
metabolism have been measured radioisotopically (12). However,
this proposal is inconsistent with a number of recent findings.

In platelets stimulated by thrombin, half of the total cellular
PtdIns is broken down within 90 seconds. The initial mass of PtdIns
is 14 times greater than that of PtdIns(4,5)P,. Thus, if the bifurcat-
ing signal pathway hypothesis is correct, PtdIns(4,5)P, must turn
over many times within the 90 seconds of thrombin stimulation.
When platelets are incubated for 3 minutes with *PO, before
stimulation, the phosphoinositides are labeled to different specific
activities. Under these nonequilibrium conditions, the time course
of change in specific activity reflects turnover. The rise in specific
activity of PtdIns4P is similar in stimulated and unstimulated cells,
indicating that there is little increase in the conversion of PtdIns to
PtdIns4P during thrombin stimulation. In addition, the specific
activity of the phosphate in the 4 position in PtdIns4P during
thrombin stimulation is less than both the phosphate in the 5
position of PtdIns(4,5)P, and the phosphate group of phosphatidic
acid, indicating that the 4-position phosphate moiety is not labeled
to equilibrium with adenosine triphosphate (ATP). This finding is
inconsistent with a rapid flux of PtdIns via PtdIns4P to
PtdIns(4,5)P, during thrombin stimulation, in which case the 4-
position phosphate would be at maximum specific activity. We
therefore conclude that the bulk of PtdIns breakdown that occurs in
thrombin-stimulated platelets occurs by direct PLC hydrolysis of
PtdIns (13). These results have been extended by Verhoeven and co-
workers who reached the same conclusion using different methods
(14). Imai and Gershengorn (15) have studied the kinetics of
phosphoinositide turnover in thyrotropin releasing hormone—stim-
ulated rat pituitary cells. They find that breakdown of PtdIns(4,5)P,
lasts for less than 2 minutes but PtdIns breakdown persists for 30
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minutes. This indicates that PLC acts on both phosphoinositides
within these cells but with different time courses. Several other
studies report direct breakdown of PtdIns4P and PtdIns (16).
Recently, Rittenhouse and Sasson (I7) measured the mass of
Ins(1,4,5)P; produced in thrombin-stimulated platelets. They
found approximately 0.2 nmol of Ins(1,4,5)P; formed per 10°
platelets 15 seconds after the addition of thrombin. This compares
to approximately 10 nmol of PtdIns degraded during this time,
indicating that the Ins(1,4,5)P; production is inadequate to account
for PtdIns breakdown. A difference between Ins(1,4,5)P; and
diacylglycerol production has been reported in stimulated hepato-
cytes (18). Taken together, these studies indicate that all three
phosphoinositides are utilized directly by PLC. A potential physio-
logical consequence of the independent breakdown of phosphoino-
sitides is that it allows for separate regulation of the production of
Ins(1,4,5)P; and diacylglycerol, which are messenger molecules that
serve different functions. The very complexity of the system allows
the possibility that other signal-generating molecules may be
formed.

Icosanoid messengers. The production of icosanoid mediators (oxy-
genated derivatives of arachidonic acid and related polyunsaturated
fatty acids, including prostaglandins, thromboxanes, and leuko-
trienes) begins with the release of arachidonate from phospholipids
(19). Arachidonate release in all tissues that produce icosanoids is
associated with accelerated phosphoinositide turnover. In fact,
arachidonate is derived in part from phosphatidylinositol itself by a
series of reactions involving PLC, and diacylglycerol and monoa-
cylglycerol lipases (20).

arachidonate
PtdIns e 1,2-DG m 2MG 2MG lipase +
glycerol

The fraction of arachidonate released from PtdIns versus other
phospholipids varies widely, depending on the cell type and the
stimulus (19, 21). The release of arachidonic acid from other lipids
occurs after PtdIns turnover in most cases and may be in some way
triggered by it.

Arachidonate is liberated also by phospholipase A, (22). In most
cell types, it is difficult to estimate accurately the source of arachi-
donate because a small fraction of the total cell arachidonate in any
particular phospholipid is liberated. After incubation of platelets
with low concentrations of thrombin for 5 minutes, or at early times
after stimulation with high concentrations of thrombin (less than 15
seconds), arachidonate is liberated primarily from PtdIns (23).
Phosphatidylcholine provides most of the arachidonate that is
liberated after a maximal thrombin stimulation (24). Approximately
50% of the total platelet PtdIns breaks down in response to
thrombin through the action of PLC. The diacylglycerol formed is
rapidly metabolized; one-third is converted to phosphatidic acid
(25). If the remaining diacylglycerol is degraded by lipases, this
would account for approximately one-third of the total of the
arachidonate released. Mohadevappa and Holub (26) have mea-
sured the release of saturated fatty acids derived from the 1 position
of diacylglycerol and concluded that about 30% is degraded by
lipases in platelets. There is some uncertainty in these measurements
because the rate of turnover of the saturated fatty acids is not known
and inhibitors were used in these experiments to block the metabo-
lism of arachidonate.

Phospholipase C

Phosphoinositide-specific phospholipase C is the enzyme that
generates phosphoinositide-derived messenger molecules. It cleaves
phosphoinositides to yield 1,2-diacylglycerol and inositol phos-
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phates. The enzyme is present in most cell types and most of the
activity is cytosolic, although its substrates are in a membrane
bilayer. Membrane-bound PLC has also been described and will be
discussed below. Two distinct soluble phospholipase C enzymes
have been identified in ram seminal vesicles (27). The first enzyme,
designated PLC-I, was purified to homogeneity from this tissue.
The pure enzyme has a specific activity of approximately 30 pwmol of
PtdIns hydrolyzed per minute per rhilligram of protein. When
assayed in the absence of detergents, thie enzyme has a pH optiniuim
of 5.3, which shifts to nearly pH 7.0 in the presence of deoxycholate
The molecular weight of the enzyme is 65,000, and it is a.singl¢
polypeptide chain that is not glycosylated. Upon chromatography
on jon exchange columns, such as aminohexylagarose, the enzyme is
resolved into two peaks. The basis for this heterogeneity is un-
known. _

The second enzyme from seminal vesicles, designated PLC-II, has
a molecular weight of 85,000 and, although it is not completely
homogeneous, it appears to have an activity similar to PLC-I.
Antibodies raised against each of these enzymes do not react with
the other. The tissue distribution of the enzymes appears to differ—
PLC-I is the predominant form in liver, and PLC-II is the major
form in platelets and brain. Multiple forms of soluble PLC also
occur in partially purified preparations from other tissues (28). The
relationship between these multiple forms of enzyme and those
described above are unclear. Low (29) reports that platelets have
three forms of PLC made up of two different types of peptides of
molecular weight 140,000 and 95,000. Banno and co-workers (30)
also report three different platelet enzymes of molecular weight
120,000, 70,000, and one, which has been purified, of 65,000—
similar to that of seminal vesicle PLC-I. Another PLC that has been
purified from liver and platelets has a molecular weight of 65,000
(31). The reported specific activities of these enzymes range from 1
to 10% that of the enzymes from seminal vesicles.

Substrate specificity. The PLC enzymes are specific for PtdIns and
the polyphosphoinositides (see below). They do not hydrolyze
other phosphohplds with the exception of phosphatidylglycerol,
which is utilized 0.001 times as well as PtdIns (27). The fact that the
enzymes in in vitro assays require Ca** to hydrolyze PtdIns readily
distinguishes them from lysosomal PLC, which is not specific for
PtdIns nor inhibited by Ca?" chelation. The PLC ¢nzymes from
seminal vesicles do not show specificity for particular fatty acid—
containing substrate molecules. The 2 position fatty acid is com-
pletely irrelevant since 1l-acyl, 2-lyso PtdIns is hydrolyzed at the
same rate as PtdIns. A study with platelet PLC also indicates no fatty
acid preference of the enzyme (32).

Both PLC-I and PLC-II readily hydrolyze all three phosphioinosi-
tides (9). When the three lipids are incorporated into unilamellar
vesicles, they compete with each other for PLC. When present in
cquimolar proportions, hydrolysis of the polyphosphoinositides is
favored. Increasing the proportion of PtdIns or Ca?* concentration
favors hydrolysis of PtdIns.

Control of Phospholipase C Activity

Membrane lipids can regulate phospholipase C activity. Although
these PLC enzymes are soluble, they are inactive unless bound to a
lipid bilayer containing an appropriate substrate. This is evident
from a study of phosphonate analogues of PtdIns that were
investigated as potential inhibitors of PLC (33). Derivatives too
polar to insert into lipid bilayers, such as diacetyl or dibutyryl, did
not inhibit or compete with PtdIns as substrate for the enzyme (the
derivatives used were 3,4- dnacyloxybutylphosphonyl myo-inositols).
Although the enzymes readily hydrolyze PtdIns in detergent disper-
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Fig. 2. Scheme for phosphoinositide breakdown and resynthesis: PI, phos-
phatidylinositol; PIP, phosphatidylinositol 4-monophosphate; PIP,, phos-
phatidylinositol 4,5- blsphosphatc IPs, inositol 1,4,5-trisphosphate; cIP3,
inositol 1:2-cyclic 4,5-trisphosphate; IP,, inositol 1,4-bisphosphate; cIP,,
inositol 1:2-cyclic 4-bisphosphate; IP, inositol 1-phosphate; cIP, inositol
1:2-cyclic phosphate; 1,2-DG, 1,2-diacylglycerol; PA, phosphatidic acid;
CDP-DG, cytidine diphosphate diacylglycerol; I, inositol; 2MG, 2 monoa-
cylglycerol, PKC, protein kinase C. Messengers derived from phosphoinosi-
tides are shown on the right.

sions or unilamellar vesicles w1th mixtures of PtdIns and phosphati-
dylethanolamine (PE), they are nearly inactive when tested with
natural membranes or lipids extracted from cell membranes. This
poor activity is due largely to the high content of phosphatidylcho-
line (PC) in membranes, which markedly inhibits PLC. It shields the
substrates from the enzyme and does not allow the enzyme to bind
to PC-containing PtdIns vesicles (9, 34). PC inhibits polyphos
phoinositide hydroly31s less than PtdIns hydrolysis. The inhibition
of PLC activity by PC can be reversed by phosphatidylserine,
diacylglycerol, or free fatty acids. Whether thesé substances play any
role in the control of PLC in vivo is unknown. It is interesting that
these same substances (dlacylglyccrol phosphatldylscrmc and free
fatty ac1d) also stimulate protein kiriase C act1v1ty (35). This latter
enzyme is also cytosolic in location and is active only when bound to
membranes. In the case of protein kinase C, the stimulation by
diglyceride is specific for 1,2-diacylglycerol. Neither 1,3- nor 2,3-
diacylglycerol is active (36). PLC, in contrast, is stimulated by all
diglycerides.

The Ca®" concentration determines both the rate of hydrolysis of
PtdIns and the preferred substrate in in vitro assays. Unilamellar
vesicles made from total platelet lipids have a ratio of PtdIns to
PtdIns(4,5)P, of approximately 14. PLC from platelets cleaves
PtdIns 20 times faster than PtdIns(4,5)P, with these vesicles at 100
pwM Ca?* concentration. In contrast, at 0.1 wM Ca?*, the two
substrates are cledved equally well even though the concentration of
PtdIns is 14 times higher. Although Ca®* stimulates a severalfold
increase in polyphosphoinositidc hydrolysis in in vitro reactions; the
reaction proceeds even in the presence of EGTA (9). The finding
that PtdIns(4,5)P, hydrolysns occtirs at low Ca** is consistent with
the theory that this reaction trlggcrs Ca®" mobilization in the cell.
PtdIns brcakdown requires Ca*" (the Ky, is approximatcly 1 pM) in
in vitro assays and presumably the Ca?" flux stimulated by
Ins(l 4,5)P; initiates PtdIns hydrolysns However, the role of Ca®*
in controlhng PtdIns hydrolysns in intact cells is uncertain since
raising Ca** with drugs (Ca** ionophores) does not always result in
PtdIns hydroly51s (37).

" In platelets, increased iritracellular levels of cAMP block phos-
phomosmdc breakdown, arachidonate release, and secretion of
granule contents in response to agonists. The mechanism by which
cAMP blocks phosphoinositide turnover is unknown. An inhibition
of PLC by cAMP has been proposed (38), although cAMP has no
direct effect on purified PLC as assayed in vitro (39). Alternatively,
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Fig. 3. Effect of GTPyS on phos-
pholipase C activity. PLC was mea-
sured with [*H]PtdIns(4,5)P, as the
substrate as a function of platelet
cytosol protein, either with (O) or
without (@) 100 pM GTP+S at pH
6.0. [Reprinted from (51) with per-
mission. |

1600

H (cpm)

800

Protein (ug)

it has been suggested that cAMP may act by preventing the rise in
intracellular Ca®* necessary for a response to stimulation (40).

A role for guanine nucleotide binding proteins (G proteins) in the
activation of PLC was initially suggested by studies showing that
guanine nucleotides reduce the Ca?* requirement for secretion in
permeabilized mast cells and platelets (41). Litosch et al. demon-
strated that serotonin promoted the breakdown of phosphoinosi-
tides by PLC in membranes from blowfly salivary glands and that
guanine nucleotides potentiated this response (42). The ability of
nonhydrolyzable analogues of guanosine triphosphate (GTP) to
stimulate breakdown of endogenous phosphoinositides has now
been demonstrated in many systems, including human neutrophils
(43), hepatocyte membranes (44), cerebral cortex membranes (45),
and GHj pituitary cells (46). These studies have led to the concept
that the control of PLC may occur in a manner analogous to that of
adenylate cyclase. Occupancy of receptors coupled to adenylate
cyclase leads to formation of a complex between a G protein and the
agonist-occupied receptor. After exchange of bound guanosine
diphosphate (GDP) for GTP on the G protein, the receptor is
released from the complex and the G protein dissociates into its o
and By subunits (47). The a subunit then stimulates [if it comes
from a stimulatory G protein (G;) (48)] or inhibits (G;) (49)
adenylate cyclase. This effect on adenylate cyclase activity is termi-
nated by GTPase activity intrinsic to the G proteins (50). Thus,
nonhydrolyzable GTP analogues have a more pronounced effect.

Studies showing guanine nucleotide stimulation of polyphos-
phoinositide-specific PLC in membranes have led to the concept
that there may be membrane-bound PLC enzymes distinct from the
more prevalent soluble enzymes. According to this idea, the mem-
brane-bound enzyme is coupled to receptors and initiates phos-
phoinositide breakdown. It is possible that the membrane PLC
enzyme or enzymes may represent the soluble enzyme that is
specifically associated with the membrane or is a contaminant in the
membrane fraction (51). Whether or not distinct membrane PLC
enzymes exist awaits their isolation and comparison to the soluble
enzymes.

We have recently found an effect of guanine nucleotides on
cytosolic PLC activity that may function in regulating PLC (51). We
used a soluble (high-speed supernatant) fraction from platelets and
assayed the PLC activity in this preparation. We used unilamellar
vesicles of total platelet lipids as substrates to exclude all membrane
protein and detergents while still retaining the natural lipid compo-
sition. Vesicles thus constructed from whole platelet lipids are very
poor substrates for PLC because they are rich in PC. We labeled the
vesicles with trace levels of [*H]PtdIns(4,5)P; or [*?P]PtdIns and
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measured PLC activity. Hydrolysis of [*H]PtdIns(4,5)P; was mark-
edly stimulated by guanosine 5’'-O-(3-thiotriphosphate) (GTPvyS)
(Fig. 3). The hydrolysis of PtdIns was minimally affected by guanine
nucleotides. GTP+yS was most potent in stimulating PLC, followed
by guanosine 5'-(B,y-imido)triphosphate (GppNHp), GTP, and
finally GDP. Guanosine 5’-O-(2-thiodiphosphate) (GDPRS) re-
versed GTPyS-mediated stimulation. The effect of GTPyS on PLC
activity is not direct because the nucleotide has no effect on the
activity of isolated PLC-I or PLC-II. Our study indicates that
soluble phospholipase C enzymes have properties similar to those
reported previously for membrane-bound enzyme, that is, guanine
nucleotide—dependent preference for polyphosphoinositides.

The finding of GTPvyS-stimulated PLC activity in a platelet
soluble fraction implies that G proteins may be cytosolic as well as
membrane bound. The function of G proteins that modulate
adenylate cyclase is affected by the bacterial toxins, cholera toxin and
pertussis toxin. These toxins catalyze the adenosine diphosphate
(ADP) ribosylation of the a subunits of G;, Gs, G,, and transducin
(52). Cholera toxin—modified G persistently activates adenylate
cyclase, and pertussis toxin—ADP-ribosylated G is unable to inhibit
adenylate cyclase activity. Nakamura and Ui (53) recently found a
cytosolic substrate for pertussis toxin in mast cells, suggesting that G
proteins are soluble in some cases. We also find a soluble substrate
for pertussis toxin in platelets. Sternweis has recently shown that the
dissociated « subunits of brain Gy and G, are soluble without
detergents (54). Also, Rodbell demonstrated that G proteins can
translocate from one membrane to another (55). Lynch et al. (56)
have shown that o subunits of Gy are released from liver plasma
membranes after cholera toxin activation. Additionally, Bhat et al.
(57) have shown that a variety of tissues contain a soluble guanine
nucleotide-binding protein activity that can reconstitute adenylate
cyclase activity in membranes from cyc™ cells that lack Gs. Taken
together, these studies show that G proteins or subunits thereof can
be soluble. We speculate that a soluble G protein may bind to
soluble PLC thereby leading to its association with a membrane.
The nature of the G protein that stimulates PLC is unknown. In our
soluble PLC and soluble G-protein system, there is a pertussis toxin
substrate that has a similar size to G,; by SDS—polyacrylamide gel
electrophoresis. Pertussis toxin interferes with phosphoinositide
turnover in some tissues but not in others (58). We have not yet
isolated this soluble G protein nor have we succeeded in reconstitut-
ing guanine nucleotide dependence of a homogeneous PLC prepa-
ration.

Inositol Phosphates

Inositol cyclic trisphosphate. The inositol phosphate product of PLC
hydrolysis of PtdIns is a mixture of Ins 1P and an inositol cyclic
phosphate ester [cIns(1:2)P] (Fig. 4). Dawson studied the effects of
PH on the proportions of cIns(1:2)P and Ins 1P produced by the
enzyme in vitro (59). At pH 4.4, 88% of the product was the cyclic
product; at pH 6.8, the percentage decreased to 45%. Both Ins 1P
and cIns(1:2)P appeared to be released from the substrate simulta-
neously and no breakdown of the cyclic compound was observed
under the conditions of the assay. These observations are consistent
with the idea that either the 2-position hydroxyl on the inositol ring
or free OH™ in solution may attack the phosphorus. As the pH
increases, hydrolysis is preferred over formation of a cyclic ester by
transfer of phosphate to the 2 hydroxyl on the inositol ring.
Therefore PLC produces two products rather than sequentially
forming inositol cyclic phosphate as an intermediate with inositol
monophosphate as the product (as is the case with ribonuclease).
Our finding that PLC-I and PLC-II both utilize all three phos-
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phoinositides as substrates suggests that the enzymes also form
cyclic esters from PtdIns4P and PtdIns(4,5)P; (Fig. 4). We demon-
strated that PLC produces cyclic products from all three phosphoin-
ositide substrates (60). Initially, inositol cyclic phosphates were
detected by *O labeling. In the presence of acid, cyclic phosphates
are rapidly hydrolyzed to phosphomonoesters and, when the hy-
drolysis is carried out in H,'80, the resultant phosphomonoesters
contain '®0. We measured the "*O content of the phosphomonoes-
ters after alkaline phosphatase treatment and conversion of inorgan-
ic phosphate to a volatile derivative for gas chromatography and
mass spectrometry. We have subsequently isolated the inositol cyclic
phosphate products by high-performance liquid chromatography
(HPLC) (61) and find 60 to 70% cyclic product formed from
Ptdlns, 40 to 50% from PtdIns4P, and 30 to 40% from
PtdIns(4,5)P,. We have been unable to explain the basis for the
differences in proportion of cyclic and noncyclic inositol phosphate
products with the various substrates. The proportion of cyclic and
noncyclic products is not affected by duration of incubation or
amount of enzyme. Both PLC-I and PLC-II produce similar
amounts of cyclic and noncyclic products.

The physiological effects of the inositol cyclic phosphates have
been examined in several systems. As mentioned above, a number of
studies have demonstrated that addition of Ins(1,4,5)P; to permea-
bilized cells results in mobilization of Ca?* from intracellular stores
(for reviews, see 1). Permeabilized platelets release *Ca in response
to Ins(1,4,5)P5 at micromolar concentrations (62). Inositol 1:2-cy-
clic 4,5-trisphosphate [cIns(1:2,4,5)Ps] is as potent as Ins(1,4,5)P;
in platelets and in 3T3 cells in this assay, while inositol 1: 2-cyclic 4-
bisphosphate [cIns(1:2,4)P,] is inactive (61). cIns(1:2,4,5)P; was
also injected into intact Limulus ventral photoreceptors. It elicited a
conductance change that resembles the response of the photorecep-
tor cells to illumination. The cyclic trisphosphate was approximately
five times more potent than its noncyclic counterpart in eliciting this
response. The basis for this difference in potency may be explained
by the slower metabolism of cIns(1:2,4,5)P; in cells, as described
below. Physiological studies have been hindered by the lack of
availability of cIns(1:2,4,5)P;. We have recently succeeded in
synthesizing cIns(1:2,4,5)P; from Ins(1,4,5)P; with a water-solu-
ble carbodiimide (63), which should provide sufficient mass of
cIns(1:2,4,5)P; to examine these properties in detail.

Several reports indicate that inositol cyclic phosphates are pro-
duced in addition to inositol phosphates when cells are stimulated
by agonists. cIns(1:2)P has been isolated from pancreas (64),
kidney (65), platelets (66), and SV40 transformed mouse cells (67).
Recently, we isolated cIns(1:2,4,5)P; from thrombin-treated plate-
lets (68). We find 0.2 to 0.4 nmol per 10° platelets at 10 seconds
after thrombin treatment; none was found in unstimulated platelets
or in platelets 10 minutes after addition of thrombin. Although
cIns(1:2,4,5)P; is a major product of PtdIns(4,5)P, hydrolysis in
platelets, in fibrosarcoma cells from the Harlan Sprague-Dawley
mouse stimulated with bradykinin much smaller amounts of
cIns(1:2,4,5)P;3 have been detected (69). Because the inositol
phosphates are rapidly metabolized, it is difficult to estimate the
amount of a particular compound by measuring its concentration at
one or a few time points after stimulation by an agonist.

We have added cIns(1:2,4,5)P;, cIns(1:2,4)P,, and cIns(1:2)P
to homogenates of platelets and rat kidney to determine the pathway
of degradation of these compounds (70). We unexpectedly found
that cIns(1:2,4,5)P; is converted to cIns(1:2,4)P, without any
apparent conversion to Ins(1,4,5)Ps. Similarly, cIns(1:2,4)P, was
converted to cIns(1:2)P without any apparent formation of
Ins(1,4)P,. Thus, it appears that the cyclic and noncyclic inositol
phosphates are metabolized separately to the monophosphate level,
at which point cIns(1:2)P is hydrolyzed to Ins 1P by the cIns(1:2)P
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hydrolase. This Ins 1P is then hydrolyzed by the Li*-sensitive
phosphatase to yield free inositol and inorganic phosphate (71).
These pathways are summarized in Fig. 2.

Inositol 1:2 cyclic phosphate hydrolase. This enzyme and its ubiqui-
tous distribution was first described by Dawson and Clark (72). In
most tissues, the majority of the enzyme is cytosolic, although some
sediments with the particulate fraction. In the presence of Mn** or
Mg?* ions at pH 7.8, the enzyme catalyzes the formation of Ins 1P
from cIns(1:2)P. We have recently isolated this enzyme from the
soluble fraction of human placenta (73). The isolated enzyme has an
apparent molecular weight of 55,000 as determined by gel filtration
chromatography. The molecular weight upon SDS—polyacrylamide
gel electrophoresis was 29,000, both in the presence and absence of
2-mercaptocethanol. The enzyme is specific and does not hydrolyze
other cyclic phosphate esters, including 2',3'-cAMP or 3',5'-cAMP.
The cIns(1:2)P hydrolase also does not hydrolyze the cyclic phos-
phate esters of the inositol cyclic polyphosphates, which is consistent
with the findings in crude platelet extracts. The enzyme is strikingly
inhibited by inositol 2-phosphate (Ins 2P) (50% inhibition at 4
i), while its product Ins 1P is much less inhibitory (50%
inhibition at 2 mA). The physiological significance, if any, of
inhibition by Ins 2P is unknown.

Ins(1,3,4)P3 and Ins(1,3,4,5)P,. Recent studies indicate that the
metabolism of inositol phosphates is considerably more complex
than originally proposed. Irvine and co-workers (74) isolated the
inositol trisphosphates from carbachol-stimulated rat parotid glands
(15-minute stimulation) and found that the major inositol trisphos-
phate was not the expected Ins(1,4,5)P; isomer but rather inositol
1,3,4-trisphosphate [Ins(1,3,4)P3]. This finding was puzzling be-
cause there was no corresponding lipid precursor for this moiety,
PtdIns(3,4)P,. The source of this isomer was elucidated by the
discovery by Batty, Nahorski, and Irvine (75) that rat brain cortical
slices stimulated with carbachol rapidly formed inositol 1,3,4,5-

Fig. 5. Pathway of pro-
posed phosphoinositide-
induced Ca*>* mobiliza-
tion. (1) Phospholipase
C (PLC) cleaves
Ins(1,4,5)P; (IP;) and
cIns(1:2,4,5)P;  (cIP5)
from PtdIns(4,5)P,
(PIP,). (2) IZI:3 and cIPs
mobilize Ca**. (3) PLC
cleaves PtdIns (PI) to 1Py /cIP,

form diacylglyceride (DG) and Ins 1P. (4) DG, Ca®*, and protein kinase C
(PKC) phosphorylate IP; 5-phosphomonoesterase (5-PME). (5) Phosphor-
ylated 5-PME hydrolyzes IP; and cIP;. [Adapted from (81) with permis-
sion. ]

IP3 /CIP3
(B) | «—— sPMEP
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tetraphosphate [Ins(1,3,4,5)P4]. This suggested the presence of an
Ins(1,4,5)P; 3-phosphokinase that converts Ins(1,4,5)P; to
Ins(1,3,4,5)P,. This kinase has been demonstrated in the soluble
fraction of homogenates of brain, liver, pancreas, and platelets (76).
The enzyme appears to have a very high affinity for Ins(1,4,5)P;
(The K., is approximately 0.6 wA), much higher than the compet-
ing Ins(1,4,5)P; 5-phosphomonoesterase described below. The
tetraphosphate product of the kinase reaction is a substrate for
inositol trisphosphate 5-phosphomonoesterase (5-PME), which
converts it to Ins(1,3,4)P3, thereby explaining the presence of this
isomer in stimulated tissues. Thus, a second pathway for
Ins(1,4,5)P; metabolism can be written as:
Ins(1,4,5)P; % Ins(1,3,4,5)P4 -5 Ins(1,3,4)P;

In many tissues Ins(1,3,4)P3 appears very rapidly after agonist
stimulation, implying that kinase and 5-phosphomonoesterase rap-
idly metabolize Ins(1,4,5)P5 via this pathway (74-77). Whether
Ins(1,3,4,5)P, or Ins(1,3,4)P; are themselves distinct messenger
molecules is uncertain because there have been no reports of
physiological experiments with these compounds. The further me-
tabolism of Ins(1,3,4)P3; has not been fully elucidated, although
there are reports of 1-phosphatase, 4-phosphatase, and 3-phospha-
tase enzymes that are likely to participate in its further metabolism
(76). Thus Ins(3,4)P,, Ins(1,3)P,, or Ins(1,4)P,, respectively, could
be formed. Further studies on the enzymes and the products formed
will clarify this pathway.

Ins(1,4,5)P3 5-phosphomonoesterase. The generation of inositol
trisphosphates by PLC cleavage of PtdIns(4,5)P, may be considered
analogous to the adenylate cyclase system. Thus, the PLC enzyme
is analogous to adenylate cyclase, and in this case produces
Ins(1,4,5)P; and cIns(1:2,4,5)P; as second messengers, just as
adenylate cyclase produces cAMP. The Ins(1,4,5)P; 5-phospho-
monoesterase degrades both of these inositol trisphosphates to inert
(at least with respect to Ca** mobilization) inositol phosphates,
Ins(1,4)P;, and cIns(1:2,4)P,, respectively. Thus, the Ins(1,4,5)P;
5-phosphomonoesterase is analogous to the cyclic nucleotide phos-
phodiesterase and has the potential to control the amount of inositol
phosphate messenger molecules, as does PLC.

The 5-phosphomonoesterase has been described in erythrocytes,
blowfly salivary glands, brain, smooth muscle, pancreatic islets, and
liver (78). In these tissues, the activity appears to be mainly in the
particulate fraction, although in platelets we find that the enzyme is
mostly soluble (79). We purified the enzyme to homogeneity from
platelets. The isolated enzyme is a single polypeptide that has an
apparent molecular weight of about 45,000 by SDS—polyacrylamide
gel electrophoresis. We originally reported that the enzyme had a
molecular weight of 38,000; however, in subsequent studies we find
that the enzyme migrates on SDS—polyacrylamide gel electrophore-
sis just above actin, which has a molecular weight of approximately
45,000. The enzyme requires Mg** and is active in crude extracts of
most tissues, where it has the capacity to degrade within a few
seconds any Ins(1,4,5)P5 that is formed. The enzyme is specific for
Ins(1,4,5)P; (78, 79) and Ins(1,3,4,5)P4; it removes the phosphate
in position 5 from either substrate. The enzyme does not hydrolyze
Ins(1,4)P, or glycerophosphorylinositol derivatives (GroPIns), such
as glycerophosphorylinositol (4,5)-bisphosphate [GroPIns(4,5)P,]
or glycerophosphorylinositol 4-phosphate (GroPIns4P) (79). The
enzyme does hydrolyze the lipid substrate, PtdIns(4,5)P,, at ap-
proximately 0.01% of the rate at which it hydrolyzes Ins(1,4,5)P;.

The catalytic efficiency of the Ins(1,4,5)P3 5-phosphomonoester-
ase in hydrolyzing Ins(1,3,4,5)P4 is much less than that observed
with Ins(1,4,5)P; (80). The maximal velocity of hydrolysis of the
Ins(1,3,4,5)P, substrate is approximately one-thirtieth of that ob-
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served with Ins(1,4,5)P3;. However, the affinity for Ins(1,3,4,5)P, is
greater than that for Ins(1,4,5)P3; the Ky, value is approximately
10% of that observed for the Ins(1,4,5)P5 substrate. These parame-
ters suggest that at low substrate concentrations, Ins(1,3,4,5)P, is
hydrolyzed rapidly, but at higher substrate concentrations the
capacity to cleave Ins(1,4,5)P; is much greater. The platelet 5-
phosphomonoesterase also hydrolyzes cIns(1:2,4,5)Ps, although
the capacity of the enzyme to utilize this substrate is less than 10% of
its ability to hydrolyze Ins(1,4,5)P at substrate concentrations that
might occur in a stimulated cell (70). This, plus the finding that
Ins(1,4,5)P; 3-phosphokinase does not utilize cIns(1:2,4,5)P; as a
substrate (80), suggests that the cyclic inositol trisphosphate may be
more stable in cells than its noncyclic counterpart. Therefore, even if
the amount of the cyclic trisphosphate produced is small, it may
have a more prolonged effect than the noncyclic trisphosphate.

We recently discovered that the Ins(1,4,5)P3 5-phosphomonoes-
terase enzyme is phosphorylated by protein kinase C (81). The
enzyme appears to be phosphorylated on multiple sites with approx-
imately 3 to 4 mol of phosphate per mole of enzyme. Phosphoryl-
ation of the enzyme by protein kinase C results in activation of the
phosphatase enzyme. We find two- to tenfold stimulation of
Ins(1,4,5)P3 5-phosphomonoesterase activity using various prepara-
tions of the phosphatase. Presumably, the variation in the degree of
stimulation results from variable degrees of “basal” phosphorylation
of the enzyme used in the phosphorylation reaction. The extent of
phosphorylation of the Ins(1,4,5)P; 5-phosphomonoesterase in the
cell remains to be determined. We have not yet succeeded in
dephosphorylating the enzyme to determine the intrinsic activity of
the unphosphorylated protein. The phosphorylation of the phos-
phatase increases its activity approximately equally toward all three
of its known substrates—Ins(1,4,5)P;, cIns(1:2,4,5)P;, and
Ins(1,3,4,5)P4. These findings can explain reports that indicate that
treatment of platelets and other cells with phorbol esters (com-
pounds that activate protein kinase C) decreases the subsequent rise
in Ca®* in response to agonists, decreases the levels of Ins(1,4,5)Ps,
and causes rapid degradation of Ins(1,4,5)P; added to permeabi-
lized cells (82). :

Over 10 years ago we discovered that thrombin stimulation of
intact **PO,-labeled platelets was associated with the rapid increase
in the incorporation of phosphate into proteins with molecular
weights of 20,000 (20K) and 40,000 (40K) (83). The former is the
light chain of myosin (84), and the latter is a major substrate for
protein kinase C in stimulated platelets (85). We have now shown
that the phosphorylated 40K protein from thrombin-stimulated
platelets comigrates on SDS—polyacrylamide gel electrophoresis
with Ins(1,4,5)P; 5-phosphomonoesterase phosphorylated with
protein kinase C. Staphylococcus aurens V8 protease and tryptic
peptide maps of the two proteins are identical. Thus the 40K
protein that is phosphorylated in platelets in response to thrombin
appears to be the Ins(1,4,5)P; 5-phosphomonoesterase. Although
this protein is reported as a 40K protein (83, 85), its actual
molecular weight is 45,000, as mentioned above.

Our hypothesis for the regulation of Ins(1,4,5)P3 production and
phosphoinositide-induced Ca®>* mobilization by the 5-phospho-
monoesterase is shown in Fig. 5. Thrombin stimulation of platelets
activates phospholipase C (PLC) to cleave PtdIns(4,5)P, (PIP;) to
form Ins(1,4,5)P; (IP3), cIns(1:2,4,5)P5 (cIP3), and 1,2-diacylglyc-
erol (not shown). These inositol phosphates mobilize Ca®* from
intracellular stores to elevate the cytosolic Ca** concentration,
which allows phospholipase C to utilize PtdIns (PI) as a substrate to
form Ins 1P, clns(1:2)P, and 1,2-diacylglycerol (DG). The 1,2-
diacylglycerol derived from PtdIns and PtdIns(4,5)P; plus the
elevated cytosolic Ca** activate protein kinase C, which phosphory-
lates the 5-phosphomonoesterase (5-PME) and thereby activates the
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phosphatase. Finally, the phosphorylated 5-phosphomonoesterase
(5-PME P) hydrolyzes Ins(1,4,5)P3 and cIns(1:2,4,5)P;. The
Ins(1,4)P, (IP,) and cIns(1:2,4)P, (cIP,) formed are inactive, and
therefore, the phosphoinositide-derived signal is terminated.

Role of Phosphoinositide Turnover in
Cell Growth

There is considerable interest in the role that phosphatidylinositol
turnover plays in regulating cell growth. A relationship between
phosphoinositides and cell growth is suggested by the finding that
several growth factors, including platelet-derived growth factor and
epidermal growth factor, stimulate phosphoinositide turnover (86).
In addition, the tumor-promoting phorbol esters stimulate protein
kinase C directly, possibly bypassing the phosphoinositide-derived
diacylglycerol cofactor. Thus alterations in the phosphoinositide
signal pathway could affect the control of cell growth. The stimula-
tion of phosphoinositide turnover in the transforming process of a
tumor virus was first shown in studies of Rous sarcoma virus
transformed quail cells (87). More recently, it was suggested that the
transforming protein of tumor viruses that are protein tyrosine
kinases are also lipid kinases that can convert PtdIns to PtdIns4P
(88). A difficulty with the hypothesis was that the PtdIns kinase
activity of these protein tyrosine kinases was meager compared to
cellular PtdIns kinase. Further studies have refuted the hypothesis by
showing that the transforming protein tyrosine kinases are devoid of
PtdIns kinase activity (89). However, these studies confirm the
finding that phosphoinositide turnover is increased in transformed
cells. Furthermore, membranes from V-fins and V-fés transformed
cells have increased PtdIns(4,5)P,-specific PLC activity compared to
uninfected cells (90). Thus there remains a possibility that derange-
ments of the phosphoinositide messenger system may be important
in the development of uncontrolled growth in transformed cells.

REFERENCES AND NOTES

1. Y. Nishizuka, Science 233, 305 (1986); I. Litosch and J. N. Fain, Lif¢ Sci. 39, 187
(1986); J. R. Williamson, R. H. Cooper, S. K. Joseph, A. P. Thomas, Am. J.
Physiol. 248, C203 (1985); M. J. Berridge and R. F. Irvine, Nature (London) 312,
315 (1984); P. W. Majerus, D. B. Wilson, T. M. Connolly, T. E. Bross, E. J.
Neufeld, Trends Biochem. Sci. 10, 168 (1985); P. W. Majerus, J. Clin. Invest. 72,
1521 (1983).

2. S. Henry, K. Atkinson, A. Kobat, M. Culbertson, ]. Bacteriol. 140, 472 (1977);].
D. Esko and C. R. H. Raetz, J. Biol. Chem. 255, 4474 (1980).

3. H. Paulus and E. P. Kennedy, J. Biol. Chem. 235, 1301 (1960).

4. F.L.Pizer and C. E. Ballou, J. Am. Chem. Soc. 81,915 (1959); C. Grado and C. E.
Ballou, J. Biol. Chem. 236, 54 (1961); R. V. Tomlinson and C. E. Ballou, #id., p.
1902; H. Brockerhoff and C. E. Ballou, ibid., p. 1907.

. M. R. Hokin and L. E. Hokin, J. Biol. Chem. 203, 967 (1953).

. R. H. Michell, Biochim. Biophys. Acta 415, 81 (1975); R. H. Michell, C.J. Kirk, L.
M. Jones, C. P. Downes, J. A. Creba, Philos. Trans. R. Soc. London B 296, 123
(1981).

7. J.'T. Durell, J. T. Garland, R. O. Friedel, Science 165, 862 (1969).

8. A. A. Abdel-Latif, R. A. Akhtar, J. N. Hawthorne, Biochem. ]. 162, 61 (1977); R.

9

[« 32

A. Akhtar and A. A. Abdel-Latif, ibd. 192, 783 (1980).
. D. B. Wilson, T. E. Bross, S. L. Hofmann, P. W. Majerus, J. Biol. Chem. 259,
11718 (1984).

10. M. ]J. Berridge, Biochem. ]. 212, 849 (1983); M. J. Rebecchi and M. C.
Gershengorn, ibid. 216, 287 (1983); T. J. Martin, J. Biol. Chem. 258, 14816
(1983).

11. M. . Berridge, Biochem. J. 220, 345 (1984).

12. M. ]. Berridge, ibid. 212, 849 (1983); C. P. Downes and M. M. Wusterman, sbid.
216, 633 (1983); T. F. J. Martin, ]. Biol. Chem. 258, 14816 (1983); D. L. Aub
and J. W. Putney, Lifz Sci. 34, 1347 (1984).

13. D. B. Wilson, E. J. Neufeld, P. W. Majerus, J. Biol. Chem. 260, 1046 (1985).

14. A. Verhoeven, O. Horvli, H. Holmsen, Trends Biochem. Sci. 11, 67 (1986).

15. A. Imai and M. C. Gershengorn, Proc. Natl. Acad. Sci. U.S.A., in press.

16. A. Emilsson and R. Sundler, J. Biol. Chem. 259, 3111 (1984); I. Litosch, S. H.
Lin, J. N. Fain, ibid. 258, 13727 (1983); C. A. Hansen, S. Mah, J. R. Williamson,
ibid. 261, 8100 (1986); R. V. Farese, J. L. Orchard, R. E. Larsen, M. A. Sabir, J.
S. Davis, Biochim. Biophys. Acta 846, 296 (1985).

17. S. E. Rittenhouse and J. P. Sasson, J. Biol. Chem. 260, 8657 (1985).

18. S. B. Bocckino, P. F. Blackmore, J. H. Exton, #bid., p. 14201.

19. P. W. Majerus, J. Clin. Invest. 72, 1521 (1983).

20. R. L. Bell, D. A. Kennerly, N. Stanford, P. W. Majerus, Proc. Natl. Acad. Sci.

19 DECEMBER 1986

21.

22.
23.
24.
25.

26.

27.
28.

29.
30.

31
32.

. S. L. Hofmann, thesis, Washington University, St. Louis (1983).
34.

35.
36.

37.

38.

41.

42,
43.

47.

48.
49.
50.
51.
52.
53.
. P. C. Sternweis, ibid. 261, 631 (1986).
55.
56.
57.

. 1. Litosch and J. N. Fain, Life Sci. 39, 197 (1986).
59.

60.
61.
62.
63.
65.
66.
67.
68.

69.
70.

US.A. 76, 3238 (1979); S. M. Prescott and P. W. Majerus, J. Biol. Chem. 258,
764 (1983).

P. W. Majerus, E. J. Neufeld, M. Laposata, in Inositol and Phosphotnesitides:
Metabolism and Regulation, J. E. Bleasdaale, J. Eichberg, G. Hauser, Eds. (Hu-
mana, Clifton, NJ, 1985), pp. 443-457.

M. L. McKean, J. B. Smith, M. ]. Silver, J. Biol. Chem. 256, 1522 (1981); S. E.
Rittenhouse, Biochem. . 222, 103 (1984).

S. E. Rittenhouse, J. Clin. Invest. 63, 580 (1979); S. E. Rittenhouse and D.
Deykin, in Platelets in Biology and Patholggy-2, J. L. Gordon, Ed. (Elsevier/North-
Holland, Amsterdam, 1981), pp. 349-372.

A. D. Purdon and J. B. Smith, J. Béol. Chem. 260, 12700 (1985).

G. Mauco, D. Dangelmaier, J. B. Smith, Biochem. J. 224, 933 (1984); M. J.
Broekman, J. W. Wood, A. J. Marcus, J. Biol. Chem. 256, 8271 (1981); E. J.
Neufeld and P. W. Majerus, #bid. 258, 2461 (1983).

H. Mohadevappa and B. J. Holub, Biochem. Biophys. Res. Commun. 134, 1327
(1986).

S. L. Hofmann and P. W. Majerus, J. Biol. Chem. 257, 6461 (1982).

M. G. Low, R. C. Carroll, W. B. Weglicki, Biochem. J. 221, 813 (1984); Nakanishi
et al., Biochem. Biophys. Res. Commun. 132, 582 (1985).

M. G. Low, R. C. Carroll, A. C. Cox, Biochem. J. 237, 139 (1986).

Y. Banno, S. Nakashima, Y. Nozawa, Biochem. Biophys. Res. Commun. 136, 713
(1986).

T. Takenawa and Y. Nagai, J. Biol. Chem. 256, 6769 (1981); H. Hakata, J.
Kambayashi, G. Kosaki, J. Biochem. 92, 929 (1982).

G. Graff et al., Arch. Biochem. Biophys. 228, 299 (1984).

S. L. Hofmann and P. W. Majerus, J. Biol. Chem. 257, 14359 (1982); R. F. Irvine,
A.J. Letcher, R. M. Dawson, Biochem. J. 178, 497 (1979); R. M. Dawson, N.
Hemington, R. F. Irvine, Eur. J. Biochem. 112, 33 (1980); R. F. Irvine, N.
Hemington, R. M. Dawson, ibid. 99, 252 (1979).

Y. Nishizuka, Nature (London) 308, 693 (1984).

T. Mori et al., . Biochem. 91, 427 (1982); R. R. Rando and N. Young, Biochem.
Biophys. Res. Commun. 122, 818 (1984); L. T. Boni and R. R. Rando, J. Biol.
Chem. 260, 10819 (1985).

R. L. Bell and P. W. Majerus, J. Biol. Chem. 255, 1790 (1980); S. E. Rittenhouse,
Biochem. ]. 222, 103 (1984); E. G. Lapetina, B. Reep, S. P. Watson, Lifz Sci. 39,
751 (1986).

M. M. Billah and E. G. Lapetina, Proc. Natl. Acad. Sci. U.S.A. 80, 965 (1983); S.
P. Watson, R. T. McConnell, E. G. Lapetina, J. Biol. Chem. 259, 13199 (1984).

. P. W. Majerus ez al., unpublished observations.
40.

M. B. Feinstein, J. J. Egan, R. I. Sha’afi, ]. White, Biochem. Biophys. Res. Commun.
113, 598 (1983).

B. D. Gomperts, Nature (London) 284, 17 (1980); R. J. Haslam and M. M. L.
Davidson, Fed. Eur. Biochem. Soc. Lett. 174, 90 (1984); J. Recept. Res. 4, 605
(1984).

1. Litosch, C. Wallis, J. N. Fain, J. Biol. Chem. 260, 5464 (1985).

S. Cockroft and B. D. Gomperts, Nature (London) 314, 534 (1985); C. D. Smith,
B. C. Lane, I. Kusaka, M. W. Verghese, R. Snyderman, J. Biol. Chem. 260, 5875
(1985).

. M. Wallace and J. N. Fain, J. Biol. Chem. 260, 9527 (1985); R. J. Uhing, H. Jiang,

45.
. R. E. Straub and M. C. Gershengorn, J. Biol. Chem. 261, 2712 (1986); T. F. J.

V. Prpic, J. H. Exton, Fed. Eur. Biochem. Soc. Lett. 188, 317 (1985).
R. A. Gonzales and F. T. Crews, Biochem. J. 232, 799 (1985).

Martin, S. M. Bajjalich, D. O. Lucas, J. A. Kowalchyk, ibid., p. 10041.

P. C. Sternweis, J. K. Northup, M. D. Smigel, A. G. Gilman, sid. 256, 11517
(1981); T. Katada, G. M. Bokoch, J. K. Northup, M. Ui, A. G. Gilman, ibid. 259,
3568 (1984).

J. K. Northup, M. D. Smigel, P. C. Sternweis, A. G. Gilman, ibd. 258, 11369
(1983).

T. Katada, G. M. Bokoch, M. D. Smigel, M. Ui, A. G. Gilman, #id. 259, 3586
(15984); T. Katada, J. K. Northup, G. M. Bokoch, M. Ui, A. G. Gilman, ., p.
3578.

R. A. Cerione ¢t al., ibid., p. 9979. .

H. Deckmyn, S. M. Tu, P. W. Majerus, ibid., in press; R. F. Irvine and R. M. C.
Dawson, J. Neurochem. 31, 1427 (1978).

D. Cassel and Z. Selinger, Proc. Natl. Acad. Sci. US.A. 79, 3307 (1972); C.
VanDop et al., ]. Biol. Chem. 254, 469 (1979); P. A. Watkins et al., thid. 260,
13478 (1985).

T. Nakamura and M. Ui, J. Biol. Chem. 260, 3584 (1985).

M. Rodbell, Trends Biochem. Sci. 10, 461 (1985).

C.]. Lynch, L. Morbach, P. F. Blackmore, ]. H. Exton, Fed. Eur. Biochem. Soc. Lett.
200, 333 (1986).

M. K. Bhat ez al., Proc. Natl. Acad. Sci. U.S.A. 77, 3836 (1980).

R. M. Dawson, N. Freinkel, F. B. Jungalwala, N. Clarke, Biochem. J. 122, 605
(1971).

D. B. Wilson, T. E. Bross, W. R. Sherman, R. A. Berger, P. W. Majerus, Proc.
Natl. Acad. Sci. U.S.A. 82,4013 (1985).

D. B. Wilson ¢t al., J. Biol. Chem. 260, 13496 (1985); R. F. Irvine, A. S. Letcher,
D.J. Lander, M. S. Berridge, Biochem. ]., in press.

L. F. Brass and S. K. Joseph, J. Biol. Chem. 260, 15172 (1985); F. A. O’Rourke, S.
P. Halenda, G. B. Zavoico, M. B. Feinstein, ibid., p. 956.

R. J. Auchus, S. L. Kaiser, P. W. Majerus, unpublished observations.

J. E. Dixon and L. E. Hokin, J. Biol. Chem. 260, 16068 (1985).

J. A. Shayman, R. J. Auchus, A. R. Morrison, Clin. Res. 33, 498A (1985).

H. Binder, P. C. Weber, W. Siess, Anal. Biochem. 148, 220 (1985).

M. A. Koch and H. Diringer, Biochem. Biophys. Res. Commun. 58, 361 (1974).
H. Ishii, T. M. Connolly, T. E. Bross, P. W. Majerus, Proc. Natl. Acad. Sci. U.S.A.
83, 6397 (1986).

P. W. Majerus et al., unpublished observations.

T. M. Connolly, D. B. Wilson, T. E. Bross, P. W. Majerus, J. Biol. Chem. 261,122
(1986).

ARTICLES 152§



71. F. Eisenberg, Jr., J. Biol. Chem. 242, 1375 (1967); L. M. Hallcher and W. R.
Sherman, ibzd. 255, 10896 (1980).

72. R. M. C. Dawson and N. G. Clarke, Biochem. J. 127, 113 (1972); ibid. 134, 59
(1973).

73. T. S. Ross and P. W. Majerus, J. Biol. Chem. 261, 11119 (1986).

74. R. F. Irvine, A. J. Letcher, D. J. Lander, C. P. Downes, Biochem. . 223, 237
(1984); R. F. Irvine, E. E. Anggard, A. J. Letcher, C. P. Downes, ibid. 229, 505
(1985).

75. 1. R. Batty, S. R. Nahorski, R. F. Irvine, ibid. 232, 211 (1985).

76. R. F.Irvine, A.]. Letcher, J. P. Heslop, M. J. Berridge, Nature (London) 320, 631
(1986); C. A. Hansen, S. Mah, J. R. Williamson, J. Biol. Chem. 261, 8100 (1986);
P. W. Majerus ez al., unpublished observations.

77. G. M. Burgess, J. S. McKinney, R. F. Irvine, S. W. Putney, Biochem. J. 232, 237
(1985); J. P. Heslop, R. F. Irvine, A. H. Tashjian, M. J. Berridge, J. Exp. Biol. 119,
395 (1985); J. Turﬁ, B. A. Wolf, M. L. McDaniel, Biochem. ]. 237, 259 (1986).

78. C. P. Downes, M. C. Mussat, R. H. Michell, Biochem. . 203, 169 (1982); M. J.
Berridge et al., tbid. 212, 473 (1983); T. Sasaguri, M. Hirata, H. Kuriyama, sbd.
231, 497 (1985); M. A. Seyfred, L. E. Farrell, W. W. Wells, J. Biol. Chem. 259,
13204 (1984); R. S. Rana, M. C. Sekar, L. E. Hokin, M. J. MacDonald, #4id. 261,
5237 (1986); S. K. Joseph and R. J. Williams, Fed. Eur. Biochem. Soc. Lett. 180,
150 (1985); D. J. Storey, S. B. Shears, C. J. Kirk, R. H. Michell, Nature (London)
312, 374 (1984); C. Erneux, A. Delvaux, C. Moreau, ]J. E. Dumont, Biochem.
Biophys. Res. Commun. 134, 351 (1986).

79. T. M. Connolly, T. E. Bross, P. W. Majerus, J. Biol. Chem. 260, 7868 (1985).

80. T. M. Connolly, V. S. Bansal, R. F. Irvine, P. W. Majerus, ., in press.

81. T. M. Connolly, W. J. Lawing, Jr., P. W. Majerus, Cell 46, 951 (1986).

82. D. E. MacIntyre, A. McNicol, A. H. Drummond, Fed. Eur. Biochem. Soc. Lett. 180,

160 (1985); S. E. Rittenhouse and J. P. Sasson, J. Biol. Chem. 260, 8657 (1985);
G. B. Zavoico, S. P. Halenda, R. I. Sh2’afi, M. B. Feinstein, Proc. Natl. Acad. Sci.
US.A. 82, 3859 (1985); S. P. Watson and E. G. Lapetina, #&id., p. 2623; L. M.
Molina y Vedia and E. G. Lapetina, J. Biol. Chem. 261, 10493 (1986).

83. R. M. Lyons, N. Stanford, P. W. Majerus, J. Clin. Invest. 56, 924 (1975); the
actual molecular weight of the 40K protein is probably about 45,000 [R. Haslam
and J. A. Lynham, Buochem. Biophys. Res. Commun. 77, 714 (1977)].

84. J. L. Daniel, H. Holmsen, R. S. Adelstein, Thromb. Haemostasis 38, 984 (1977).

85. Y. Kawahara et al., Biochem. Biophys. Res. Commun. 97, 309 (1980); K. Sano, Y.
Takai, J. Yamanishi, Y. Nishizuka, J. Biol. Chem. 258, 2010 (1983).

86. A.]. R. Habenicht, J. Biol. Chem. 256, 12329 (1981); I. G. Macara, ibid. 261,
9321 (1986); L. J. Pike and A. Eakes, #bid., in press.

87. H. Diringer and R. R. Friis, Cancer Res. 37, 2979 (1977).

88. Y. Sugimoto, M. Whitman, L. C. Cantley, R. L. Erikson, Proc. Natl. Acad. Sci.
g]sé‘l 81, 2117 (1984); 1. G. Macara, G. V. Marinetti, P. C. Balduzzi, ibid., p.

728.

89. S. Sugano and H. Hanafusa, Mol. Cell Biol. 5,2399 (1985); Y. Sugimoto and R. L.
Erikson, ibid., p. 3194 (1985); M. L. MacDonald, E. A. Keunzel, J. A. Glomset, E.
W. Krebs, Proc. Natl. Acad. Sci. U.S.A. 82, 3993 (1985); M. J. Fry, A. Gebhardt,
P. ]. Parker, J. G. Foulkes, EMBO J. 4, 3173 (1985).

90. S. Jackowski, C. W. Rettenmier, C. J. Sherr, C. V. Rock, J. Biol. Chem. 261, 4978
(1986).

91. Supported by grants HLBI 14147 (Specialized Center for Research in Thrombo-
sis), HL 16634, and Training Grant T32 HLBI 07088 from the National
Institutes of Health; a NATO Research Fellowship; and a Fulbright Award (to
H.D.). We thank L. J. Pike and J. E. Brown for their helpful suggestions
concerning this article.

Research Articles

Structure of the DNA—Eco RI Endonuclease
Recognition Complex at 3 A Resolution

JupiTH A. MCCLARIN, CHRISTIN A. FREDERICK,* BI-CHENG WANG,
PATrICIA GREENE, HERBERT W. BOYER, JOHN GRABLE, JOHN M. ROSENBERGT

The crystal structure of the complex between Eco RI
endonuclease and the cognate oligonucleotide TCGC-
GAATTCGCG provides a detailed example of the struc-
tural basis of sequence-specific DNA-protein interactions.
The structure was determined, to 3 A resolution, by the
ISIR (iterative single isomorphous replacement) method
with a platinum isomorphous derivative. The complex has
twofold symmetry. Each subunit of the endonuclease is
organized into an o/} domain consisting a five-stranded
sheet, « helices, and an extension, called the “arm,” which
wraps around the DNA. The large B sheet consists of
antiparallel and parallel motifs that form the foundations
for the loops and « helices responsible for DNA strand
scission and sequence-specific recognition, respectively.
The DNA cleavage site is located in a cleft that binds the
DNA backbone in the vicinity of the scissile bond. Se-
quence specificity is mediated by 12 hydrogen bonds
originating from « helical recognition modules. Arg?®
forms two hydrogen bonds with guanine while Glu'** and
Arg'® form four hydrogen bonds to adjacent adenine
residues. These interactions discriminate the Eco RI
hexanucleotide GAATTC from all other hexanucleotides
because any base substitution would require rupture of at
least one of these hydrogen bonds.

1526

HE ABILITY OF A PROTEIN TO RECOGNIZE A SPECIFIC

sequence of bases along a strand of double helical DNA lies

at the heart of many fundamental biological processes. One
of the most intriguing questions in molecular biology today is
whether the details of these individual recognition mechanisms will
form a small number of simple patterns that would lead to the
development of a general recognition code.

This interest has stimulated crystallographic studies on many
proteins that recognize specific sequences of DNA. The structures of
four of these have been solved in the absence of DNA; these
proteins are the Cro and CI repressors from coliphage A, the
Escherichia coli catabolite gene activator protein (CAP) and the
tryptophan repressor (1-6). These four proteins share a common
“helix-turn-helix motif” at the suggested DNA binding site, which
has led to model building of the recognition complexes (7-9). In
addition, the 7 A structure of a co-crystalline complex between
coliphage 434 repressor and a tetradecanucleotide containing its
specific operator sequence supports the general features of these
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