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Minireview

Diversity of Group Types,
Regulation, and Function of
Phospholipase A,*

Edward A. Dennis

From the Department of Chemistry-0601, Center for
Molecular Genetics, Revelle College and School of
Medicine, University of California,

San Diego, La Jolla, California 92093-0601

Phospholipase A, (PLA,) catalyzes the hydrolysis of the sn-2
fatty acyl bond of phospholipids to liberate free fatty acids and
lysophospholipids (for review see Ref. 1). PLA, plays a central role
in diverse cellular processes including phospholipid digestion and
metabolism, host defense, and signal transduction (for review see
Ref. 2). PLA, also provides precursors for eicosanoid generation
when the cleaved fatty acid is arachidonic acid or for platelet-
activating factor formation when the sn-1 position of the phospho-
lipid contains an alkyl ether linkage (for review see Ref. 3).

PLA,s are a diverse class of enzymes with regard to function,
localization, regulation, mechanism, sequence, structure, and role
of divalent metal ions. This review will describe several of the best
studied PLA,s as a means of defining the various types of PLA,.
The classification of PLA,s is discussed in the next section, followed
by discussions of each type of enzyme and ending with a general
discussion of PLA, function. While the human enzymes are natu-
rally of greatest interest, the bulk of our knowledge of PLA,s has
been obtained by studying enzymes from non-human sources. How-
ever, since most of the human PLA,s have essentially identical
counterparts, the knowledge gained from the non-human enzymes
is equally applicable to the human forms.

Groups

Phospholipase activity was first studied in pancreatic juice and
cobra venom in the early 1900s (for review see Ref. 4). Subse-
quently, PLA,s obtained from various snake and bee venoms and
from mammalian pancreas (for review see Refs. 1, 5, and 6) have
been well characterized, mechanistically elucidated, and structur-
ally defined. Traditionally, these extracellular enzymes have been
divided into three main groups and several subgroups based on
their amino acid sequences (7-9) as summarized in Table I. In the
last few years, new PLA,s have been described that do not fit these
traditional groupings. The terms “secreted” and “cytosolic” are of-
ten used in referring to these enzymes. However, these designa-
tions are often insufficient to distinguish between these enzymes.
In this review the traditional group designations have been em-
ployed and have been extended to cover one of the better charac-
terized new enzymes. Additional group and subgroup designations
may be required in the future as new enzymes are found and as
existing enzymes are better characterized and sequenced.

All of the traditional Group I, II, and III PLA,s have been iso-
lated as extracellular enzymes, have high disulfide bond content,
low molecular mass, and require Ca®* for catalysis. These charac-
teristics form the defining features of these groups. Sequence ho-
mology is the chief criteria for assigning an enzyme to one of these
groups (for definitions, see Ref. 9). While the majority of the Group
I, II, and III enzymes that have been studied are extracellular
non-human enzymes, a growing number of Group I and II enzymes
have been found in human tissues. The best characterized is the
Group I1 PLA, originally isolated from human synovial fluid (for

* This minireview will be reprinted in the Minireview Compendium, which
will be available in December, 1994. This work was supported by National
Institutes of Health Research Grants HD 26,171 and GM 20,501.

! The abbreviations used are: PLA,, phospholipase A,; LPL, lysophospho-
lipase; PFK, phosphofructokinase.
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review see Ref. 10). Group Il enzymes have also been found in
locations where they are probably not secreted, i.e. the enzyme
found in rat liver mitochondria (11).

The Group IV PLA, is a distinctly different enzyme. Group IV
includes the Ca®**-dependent high molecular weight intracellular
PLA, that is specific for arachidonic acid. This enzyme has been
identified in a variety of cells (12, 13); its purification, sequence
determination, and cloning from human U937 cells by Clark et al.
(14, 15) and Kramer et al. (16, 17) established that it has a molecu-
lar mass of 85 kDa, an apparent submicromolar Ca®* requirement,
and that while it is isolated from the cytosol it can translocate to
membranes (for a summary see Ref. 18).

Gross and co-workers (19, 20) have identified and purified from
canine myocardium an intracellular cytosolic PLA, that does not
require Ca?* but does prefer arachidonyl-containing phospholipids.
Its amino acid sequence has not been reported, but it is reported to
be a M, 40,000 enzyme. This enzyme seems to be activated by ATP
and associates with a large oligomeric protein thought to be phos-
phofructokinase (PFK). A similar enzyme has been found in P388D,
cells (21). The Ca®*-independent intracellular PLA,s appear to be
distinct from the Group IV PLA,. If their sequences prove to be
uniquely different, these PLA,s should be placed in a separate
group.

Table II compares the basic characteristics of each of these
groups. The characteristics of the Group I, II, and III enzymes are
so similar that they are listed together. These three groups are
distinguished from one another by sequence and structural homolo-
gies. The group IV and the Ca?*-independent enzymes can be dis-
tinguished solely by the properties listed in Table I

There are numerous other Ca®*-dependent and -independent in-
tracellular PLA, activities described in the literature. These in-
clude a phosphatidylserine-specific Ca?*-dependent PLA, (22) and a
30-kDa dimeric PLA, purified from sheep platelets whose sequence
is homologous to one of a family of brain proteins that have been
termed 14-3-3 proteins (23, 24). Other Ca*-independent PLA,
activities have also been reported such as a M, 97,000 ectoenzyme
found in guinea pig intestinal brush-border membranes that also
exhibits lipase activities (25, 26). These enzymes have not been
characterized sufficiently to allow their assignment to a particular
group. What is known about them indicates that the PLA,s may be
a much more diverse group of enzymes than had been previously
believed and that the group designations will undoubtedly need to
be adjusted. The variety of mammalian PLA,s have been recently
summarized (for review see Ref. 27).

Structure and Mechanism of Groups I, II, and III
Phospholipase A,

Group I, II, and III PLA,s are the smallest and evolutionarily (9)
perhaps the most elementary of the PLA,s. Mechanistically, they
currently constitute the simplest and most well understood en-
zymes of lipid metabolism and perhaps more generally of all en-
zymes that act on membranes. Their amino acid sequences and
high disulfide bond content (seven) are conserved among all Group
I and II species. The enzymes whose x-ray crystal structures have
been determined all contain about 50% a-helix and share a small
region of anti-parallel pleated sheet (termed the “beta wing”). The
a-chain backbones are shown in Fig. 1 for PLA,s from Group IA
Indian cobra (28), Group IJA rattlesnake (29), Group IB bovine
pancreas (30), and a Group IB mutant porcine pancreas (31), which
was engineered without the “pancreatic loop” characteristic of all
Group IB PLA,s. The human Group ITA PLA, (82) appears similar
to the rattlesnake PLA, a-chain backbone at this resolution. The
Group III bee venom enzyme has distinct and rearranged sequence
homologies (9), but x-ray crystallography has revealed identical
catalytic residues (33) (see below).

Mechanistic studies by numerous laboratories (for review see
Refs. 1, 5, and 6) have shown that the secreted PLA,s do not form
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TasLE I
Phospholipase A, groups

Groups I, II, and III and subgroups are defined by sequence differ-
ences (9), and Group IV has a distinct sequence (15, 17, 18).

Source Location Size Ca?*
kDa
Group I
A. Cobras and kraits Secreted 13-15 mm
B. Porcine/human pancreas
Group 1II
A. Rattlesnakes and vipers; Secreted 13-15 mm
human synovial/platelets
B. Gaboon viper
Group III
Bee/lizard Secreted 16-18 mMm
Group IV
Raw 264.7/rat kidney; Cytosolic 85 M
human U937/platelets
Group ?
Canine/human myocardium Cytosolic 40 None
TasLe II
Properties of phospholipase A,s
Group
Characteristics
/IVIIT v 20
Localization Secreted Cytosolic Cytosolic
Molecular mass 14 kDa ~85 kDa ~40 kDa
Amino acids ~125 ~750
Cysteines 10-14 9
Disulfides 5-7 0
Dithiothreitol sensitivity + - -
Arachidonate preference - + +
Ca?** required ~mM  ~pwm, not absolute® None
Ca* role Catalysis memb. assoc. None
Regulatory protein - - PFK (?)
Regulatory cofactors - - ATP
Regulatory phosphorylation - + -
Lyso-PLA activity - High +
PLA, activity - + -
Transacylase activity - + -
Fatty acyl-CoA hydrolase - - +

@ Data for canine myocardial PLA, from Refs. 20 and 60.
b Other metals and salts can substitute in vitro (51); see text.

Fic. 1. X-ray crystal structures of the a-chain backbones of several
secreted PLA,s, including Naja naja naja (cyan), Crotalus atrox
(green), bovine pancreas (red), and mutant porcine pancreas
(purple).

a classical acyl enzyme intermediate characteristic of serine pro-
teases. Rather they utilize the catalytic site His, assisted by an Asp,
to polarize a bound H,O, which then attacks the carbonyl group.
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Fic. 2. Interactions of the catalytic residues of secreted PLA,s and
Ca? with the tetrahedral transition state arising from the addition
of a water molecule to a substrate carbonyl group (from Ref. 41).

The required Ca®* ion, bound in the conserved Ca* binding loop,
stabilizes the transition state as illustrated in Fig. 2.

The more vexing problem in understanding PLA, action is the
role of the lipid-water interface. The secretory enzyme acts opti-
mally when the phospholipid substrate is part of an interface such
as a micelle or membrane. Based on “surface dilution kinetics,” we
(34) proposed that the water-soluble enzyme (E) first binds to phos-
pholipid substrate (S), constrained in an interface, to form ES and
then binds a phospholipid substrate (S) in its catalytic site to form
the Michaelis complex (ESS) as shown in Equation 1.

E+SeES S ESS > ESP = ES+ P (Fq. 1
The interfacial substrate concentration should be expressed in
mole fraction units. Verger et al. (35) proposed a more general
binding to the interface as the first step. In this model the enzyme
(E) first binds to the interface itself but not to individual phospho-
lipid molecules. This produces an interfacially activated enzyme
(E*), which subsequently binds a phospholipid substrate (S) as
shown in Equation 2.

Eer P ps  EPem P (g 2

These two models produce mathematically equivalent kinetics,
and both expressions serve equally well to describe the necessary
association of PLA, with interfacial phospholipid to achieve opti-
mal catalysis. Work of Jain and Berg (for review see Ref. 36) with
bilayer vesicle substrates has focused on the question of whether
the PLA, stays associated with the interface while it hydrolyzes
successive phospholipid substrate molecules (“scooting mode”) or
whether it dissociates from the interface after each catalytic event
(“hopping mode”). Use of anionic vesicle substrates forces the equi-
librium toward the scooting mode and has allowed Jain and co-
workers (37) to develop equations to analyze the individual rate
constants of the reaction.

A central question is how does the enzyme bind to a phospholipid
molecule that is part of an interface. Unfortunately, it is very dif-
ficult to obtain crystals of PLA, in the presence of interfacial phos-
pholipid. Thus far, it has only been possible to obtain high resolu-
tion x-ray crystal structures with monomeric substrate analogues
containing short alkyl chains. Structures of the mutant porcine
pancreatic PLA, with an amide analogue by Thunnissen et al. (31)
and of Group IA cobra, Group IIA human, and Group III bee venom
PLA,s by Sigler and co-workers (33, 38, 39) with a phosphonate
transition state analogue have revealed their mode of binding in
the catalytic site consistent with the mechanism (40) shown in Fig.
2. Non-crystallographic experiments are also consistent with this
mechanism. Kinetic studies on the pH dependence of inhibition by
related amide and phosphonate inhibitors suggest that a hydrogen
bond is formed between the unprotonated catalytic site His and the
nitrogen of the amide inhibitors at high pH. At low pH, the proto-
nated His hydrogen bonds to the oxygen of the phosphonate inhibi-
tors (41). Transferred nuclear Overhauser effect studies of the so-
lution conformation of the inhibitor-enzyme complex also support
this mechanism (42).

Using the x-ray crystal structure of the native cobra venom en-
zyme and a space-filling model for the phospholipid substrate, Fig.
3 illustrates how the substrate might interact with the active site
of PLA,. Only about 9-10 carbons of the sn-2 acyl chain interact
with the enzyme (43). The remainder of the chains presumably
remain buried in the interface, and it is not possible to precisely
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Fic. 3. X-ray crystal structure of cobra venom (Nagja naja naja)
PLA, with bound Ca* (magenta) showing a space-f(il{ling model of
dimyristoyl phosphatidylethanolamine bound in the catalytic site.
The ends of the fatty acid chains stick out of the enzyme and are presumably
associated with the micelle or membrane. Normal phospholipid fatty acid
chains would be 4-6 carbons longer.

picture or model this interface at this time. Fig. 3 also illustrates
why the extracellular PLA,s fail to show specificity for the particu-
lar fatty acid in the sn-2 position (e.g. arachidonic acid).

Ca** Role and Regulation by Phosphorylation of Group IV
Phospholipase A,

The Ca**-dependent PLA, is present in the cytosol of a variety of
species and cell types including human U937 cells (14, 16, 44, 45),
platelets (12, 46, 47), kidney (48), and macrophages (13, 49). Al-
though the enzyme has been shown to be 85 kDa by sequence and
cloning (15, 17), it shows an anomalously high molecular weight on
SDS-polyacrylamide gel electrophoresis of about M, 110,000 (13,
14, 16). This enzyme is translocated from the cytosol to the mem-
brane fraction in a Ca?*-dependent fashion (50). The enzyme con-
tains a CaLLB domain in the N-terminal sequence (15, 17), similar
to the C-2 Ca®*-binding domain in other signal transduction pro-
teins such as protein kinase C, GTPase-activating protein, and
phospholipase C. The presence of the CaLB domain and the en-
zyme’s submicromolar Ca?* dependence (14, 16, 50) support the
idea that a Ca**-dependent translocation occurs in response to Ca*
signals. Indeed, this PLA, appears to function as a membrane-
bound PLA, rather than as a cytosolic PLA, (where it is isolated
from), making the use of the Group nomenclature preferable.

Interestingly, the Ca?* can be replaced by a large variety of other
divalent metal ions including Ba?*, Mn?**, Sr**, and Mg** (12, 51—
53). Also, high concentrations of salt, such as NaCl or Na,SO,, can
substitute for Ca?* (51-53). Indeed, in the presence of high salt
concentrations, higher enzymatic activity is observed in the ab-
sence of Ca?*, arguing that the metal ion or salt serves to promote
association of the enzyme with membrane substrate rather than
playing a role in catalysis (51).

Further support for this notion comes from analyzing the sub-
stantial lysophospholipase (LPL) activity of this enzyme, which
was originally reported to be Ca®*-independent (54). We (51) have
found that in the presence of glycerol, which activates both the
PLA, and LPL activity of this enzyme, the latter activity is also
activated by Ca®*, suggesting that Ca** binding to the CaL.B domain
may play a similar role for both LPL and PLA, activities. Thus, in
contrast to the secretory PLA,s, Ca®* does not play a catalytic role
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for this enzyme; rather, it may physiologically aid in the association
of this cytosolic enzyme with membrane phospholipid.

Studies of the LPL activity of the PLA, revealed the presence of
a novel additional activity in the form of a CoA-independent
transacylase (51). Under a variety of experimental conditions, it
was found that the transacylase activity was about 7% of the LPL
activity. This implies that, at least for the lysophospholipid metabo-
lism, there is a common acyl enzyme intermediate in which the acyl
enzyme acceptor can be either H,O (LPL) or another lysophospho-
lipid (transacylase). The presence of an acyl enzyme intermediate,
the lack of a role for Ca®* in catalysis, and the preference of the
enzyme for arachidonate in the sn-2 position allow us to predict
that the chemical mechanism of this PLA, is not the same as that
of the Group I and II PLA,s but may instead be closer to that of the
serine proteases and lipases.

Recently, attention has focused on the role of phosphorylation in
regulating this PLA, (55-59). Phosphorylation of this enzyme in
vivo leads to enhanced arachidonate release as well as somewhat
enhanced activity in vitro. Furthermore, treatment of enzyme iso-
lated from activated cells with alkaline phosphatase leads to a loss
of phosphate in a gel shift assay and loss of activity. Although there
are many potential phosphorylation sites in the sequence, evidence
(56, 59) has pointed to the phosphorylation of Ser-505 by microtu-
bule-associated protein kinase. The demonstration of a phospho-
rylation cascade culminating in the microtubule-associated protein
kinase phosphorylation of this PLA, along with the presence of the
CaLB domain has enhanced the notion that this PLA, is implicated
in signal transduction processes.

Ca’*-independent Phospholipase A, and ATP Regulation

A Ca*-independent PLA,, which is activated and stabilized by
ATP, has been identified in canine myocardium by Wolf and Gross
(19). Subsequently, a M, 40,000 catalytic protein was purified to
homogeneity. This M 40,000 protein was found to associate with a
M_ 85,000 protein. Peptides obtained from the latter protein were
found to share sequence homology with phosphofructokinase
(PFK), and the protein cross-reacted with antibodies to canine
muscle PFK suggesting its identity as PFK (60). Prior to separation
of the M_ 40,000 and 85,000 proteins, PLA, activity elutes on gel
chromatography as a large aggregate of about M, 400,000. Gross
and co-workers have suggested the occurrence of an active ATP-
regulated oligomer consisting of one M, 40,000 catalytic subunit
and a tetramer of M, 85,000 PFK regulatory subunits (60).

We (61) have identified a Ca*-independent cytosolic PLA, in
P388D, macrophage-like cells and recently reported the purifica-
tion of the enzyme (21). It has some similar properties to the canine
myocardial PLA, but also some unique behavior. Of particular rel-
evance to the notion that some PLA,s are oligomeric is the demon-
stration using target size analysis of radiation inactivation experi-
ments that the active form of the crude ATP-activatable enzyme
complex in macrophages is about 340 kDa (21). These experiments
demonstrate the occurrence of an ATP-regulated oligomeric Ca®*-
independent PLA,,

Little is known about the mechanism of action of the Ca**-inde-
pendent myocardial enzyme, except that it is selectively inhibited
by a bromoenol lactone, which acts as a mechanism-based inhibitor
(62). Since this enzyme also has other enzymatic activities (Table
IT) and since it also does not require Ca**, it apparently proceeds by
a different mechanism than the Group I and II PLA, and may well
involve an acyl enzyme intermediate. The canine myocardial en-
zyme has been most extensively studied; however, the enzyme is
also present in rabbit and human myocardium (63—-65). Myocardial
tissue is rich in plasmalogen-containing phospholipids. Appropri-
ately, Gross and co-workers (19) have characterized this PLA, using
an arachidonyl-containing plasmenylcholine substrate and sug-
gested that the enzyme is specific for that substrate. While this
substrate may be quite relevant for enzymes isolated from myocar-
dial sarcolemma for which this is the major phospholipid species,
these investigators (20) have only reported small preferences for
this substrate over alkylether and acyl-containing substrates when
assaying the catalytic subunit with vesicle substrates. Indeed, the
macrophage PLA, in its ATP-activatable complex appears to hydro-
lyze dipalmitoyl phosphatidylcholine better than 1-alkylether,2-
arachidonyl phosphatidylcholine in mixed micelles (21).
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Phospholipase A, Function

PLA,s play a number of important, diverse roles in cells and
tissues. The pancreatic PLA,s clearly participate in the digestion of
phospholipids in the gut. The venom PLA,s have some digestive
function but in many cases are also directly involved in the toxicity
of the venoms. PLA,s must also play an important central role in
the basal phospholipid metabolism of all cells. In addition to these
roles in lipid metabolism, PLA,s are increasingly being identified
as participants in other physiological functions. Specific cell sur-
face receptors for PLA, have been identified (66); however, their
function is still unclear. The elevated expression of Group II PLA,s
in inflammatory diseases suggests a host defense function for this
enzyme. PLA,s are also generally considered to be the initial step in
the eicosanoid cascade and as such a potential site for controlling
eicosanoid production. The arachidonyl specificity and Ca?-de-
pendent translocation via a CaLB domain of the Group IV PLA,
suggest a role for that enzyme in signal transduction. However, the
observation of enhanced Group II PLA, secretion during activation
of certain cell systems and the demonstration of its contribution to
prostaglandin production using antisense RNA technology (67) ar-
gue that this enzyme also plays a role in signal transduction and
eicosanoid production. The Ca*-independent PLA,s are also ca-
pable of releasing arachidonic acid for eicosanoid synthesis.

To date, numerous PLA,s have been identified, all carry out
essentially the same reaction, and all are potentially capable of
participating in many cellular functions. In many cases, several of
these enzymes are present in the same cell. For example, Group II,
IV, and the Ca?-independent enzymes, as well as several unchar-
acterized PLA,s, are present in P388D, macrophage-like cells (67).
Group II, Group IV, and a phosphatidylserine-specific, Ca®*-de-
pendent PLA, are all present in rat mast cells (22). Correlating the
various PLA, activities with the various physiological functions is
a major challenge currently facing biochemists who study this im-
portant group of enzymes.

Acknowledgments—The contributions over the years of numerous excel-
lent students, fellows, and collaborators in developing the concepts presented
herein are gratefully acknowledged. Special thanks to Daved Fremont, Brent
Segelke, and Yi-Ching Lio for aid in preparing Figs. 1 and 3 and Table II,
respectively. Critical reading of this review by Raymond Deems, Laure Rey-
nolds, and Elizabeth Ackermann is most appreciated.

REFERENCES

1. Dennis, E. A. (1983) in The Enzymes (Boyer, P. D., ed) 3rd Ed., Vol. 16, pp.
307-353, Academic Press, New York
2. Dennis, E. A, Rhee, S. G., Billah, M. M., and Hannun, Y. A. (1991) FASEB J.
5, 2068-2077
3. Dennis, E. A. (1987) Bio/Technology 5, 1294-1300
4. Wittcoff, H. (1951) The Phosphatides, pp. 99-115, Reinhold Publishing Corp.,
New York
5. Verheij, H. M., Slotboom, A. J., and de Haas, G. H. (1981) Rev. Physiol. Bio-
chem. Pharmacol. 91, 92-203
. Waite, M. (1987) The Phospholipases, Plenum Press, New York
. Heinrikson, R. L., Kreuger, E. T., and Keim, P. 8. (1977) J. Biol. Chem. 252,
4913-4921
. Dufton, M. J., and Hider, R. C. (1983) Eur. J. Biochem. 137, 545-551
. Davidson, F. F., and Dennis, E. A. (1990) J. Mol. Evol. 31, 228-238
10. Wong, P. Y-K., and Dennis, E. A. (1990) Phospholipase A,: Role and Function in
Inflammation, Plenum Press, New York
11. Van den Bosch, H., Aarsman, A. J., De Jong, J. G. N., Arnoldussen, E., Neys,
F. W.,, and Wassenaar, P. D. (1989) J. Biol. Chem. 264, 10008-10014
12. Kramer, R. M., Checani, G. C., Deykin, A., Pritzker, C. R., and Deykin, D.
(1986) Biochim. Biophys. Acta 878, 394—403
13. Leslie, C. C., Voelker, D. R., Channon, J. Y., Wall, M. W, and Zelarney, P. T.
(1988) Biochim. Biophys. Acta 963, 476—492
14. Clark, J. D., Milona, N., and Knopf, J. L. (1990) Proc. Natl. Acad. Sei. U. S. A.
87, 7708-7712
15. Clark, J. D., Lin, L.-L., Kriz, R. W,, Ramesha, C. 8., Sultzman, L. A, Lin,A. Y,
Milona, N., and Knopf, J. L. (1991) Cell 65, 1043-1051
16. Kramer, R. M., Roberts, E. F., Manetta, J., and Putnam, J. E. (1991) J. Biol.
Chem. 266, 5268-5272
17. Sharp, J. D., White, D. L., Chiou, X. G., Goodson, T., Gamboa, G. C., McClure,
D., Burgett, S., Hoskins, J., Skatrud, P. L., Sportsman, J. R., Becker, G. W.,
Kang, L. H., Roberts, E. F,, and Kramer, R. M. (1991) J. Biol. Chem. 266,
14850-14853
18. Barbour, S. E., and Dennis, E. A. (1991) Chemtracts—Biochemistry and Mo-
lecular Biology 2, 351-356

-

[I=3 3

19.
20.

21.
22.
23.
24,
25.
26.
27.
28.
29,
30.

3L

32.

33.
34.
35.

36.
317.

38.
39.
40.

41.
42.

43.
44.
45,
46.

47,
48,

49,
50.
51.
52.
53.

54.
55.

56.
57.
58.
59.

60.
61.

62.
63.
64.
65.

66.
67.

Minireview: Phospholipase A,

Wolf, R. A., and Gross, R. W. (1985) J. Biol. Chem. 260, 7295-7303

Hazen, S. L., Stuppy, R. J., and Gross, R. W. (1990) J. Biol. Chem. 265,
10622-10630

Ackermann, E. J., Kempner, E. S., and Dennis, E. A. (1994) J. Biol. Chem. 269,
9227-9233

Murakami, M., Kudo, L., Umeda, M., Matsuzawa, A., Takeda, M., Komada, M.,
Fujimori, Y., Takahasi, K., and Inoue, K. (1992) J. Biochem. (Tokyo) 111,
175-181

Loeb, L. A,, and Gross, R. W. (1986) J. Biol. Chem. 261, 10467-10470

Zupan, L. A, and Gross, R. W. (1992) J. Biol. Chem. 287, 87078710

Gassama-Diagne, A., Fauvel, J., and Chap, H. (1989) J. Biol. Chem. 264,
9470-9475

Gassama-Diagne, A., Rogalle, P, Fauvel, J., Willson, M., Klaebe, A., and Chap,
H. (1992) J. Biol. Chem. 267, 13418-13424

Kudo, I, Murakami, M., Hara, S., and Inoue, K. (1993) Biochim. Biophys. Acta
1170, 217231

Fremont, D. H., Anderson, D., Wilson, 1. A., Dennis, E. A., and Xuong, N-H.
(1993) Proc. Natl. Acad. Sci. U. S. A. 90, 342-346

Brunie, S., Bolin, J., Gewirth, D., and Sigler, P. B. (1985) J. Biol. Chem. 260,
9742-9749

Dijkstra, B. W, Kalk, K. H., Hol, W. G., and Drenth, J. (1981) J. Mol. Biol. 147,
97-123

Thunnissen, M. M. G. M, AB, E,, Kalk, K. H., Drenth, J., Dijkstra, B. W,,
Kuipers, O. P, Dijkman, R., de Haas, G. H., and Verheij, H. M. (1990)
Nature 347, 689-691

Wery, J. P, Schevitz, R. W., Clawson, D. K., Bobbitt, L. L., Dow, E. R., Gamboa,
G., Goodson, T.,, Herman, R. B, Kramer, R. M., McClure, D. B., Mihelich, E.
D., Putman, J. E., Sharp, J. D., Stark, D. H., Teater, C., Warrick, M. W,, and
Jones, N. D. (1991) Nature 352, 79-82

Scott, D. L., Otwinowski, Z., Gelb, M., and Sigler, P. B. (1990) Science 250,
1563-1566

Deems, R. A., Eaton, B. R., and Dennis, E. A. (1975) J. Biol. Chem. 250,
9013-9020

Verger, R., Mieras, M. C. E., and de Haas, G. H. (1973) J. Biol. Chem. 248,
40234034

Jain, M. K., and Berg, O. G. (1989) Biochim. Biophys. Acta 1002, 127-156

Berg, O. G., Yu, B. Z., Rogers, J., and Jain, M. K. (1991) Biochemistry 30,
7283-7297

White, S. P, Scott, D. L., Otwinowski, Z., Gelb, M., and Sigler, P. B. (1990)
Science 250, 1560-1563

Scott, D. L., White, S. P, Browning, J. L., Rosa, J. J., Gelb, M. H., and Sigler,
P. B. (1991) Science 254, 1007-1010 -

Verheij, H. M., Volwerk, J. J., Jansen, E. H. J. M., Puijk, W. C, Dijkstra, B. W,,
Drenth, J., and de Haas, G. H. (1980) Biochemistry 19, 743-750

Yu, L., and Dennis, E. A. (1991) Proc. Natl. Acad. Sci. U. S. A. 88, 9325-9329

Plesniak, L. A., Boeg n, S. C., Segelke, B. W., and Dennis, E. A. (1993)
Biochemistry 82, 5009-5016

Yu, L., and Dennis, E. A. (1992) J. Am. Chem. Soc. 114, 8757-8763

Diez, E., and Mong, S. (1990) J. Biol. Chem. 265, 14654-14661

Rehfeldt, W., Hass, R., and Goppelt-Struebe, M. (1991) Biochem. J. 276, 631—
636

Takayama, K., Kudo, L., Kim, D. K., Nagata, K., Nozawa, Y., and Inoue, K.
(1991) FEBS Lett. 282, 326-330

Kim, D. K., Kudo, 1., and Inoue, K. (1991) Biochim. Biophys. Acta 1083, 80-88

Gronich, J. H., Bonventre, J. V., and Nemenoff, R. A. (1990) Biochem. J. 271,
37-43

Wijkander, J., and Sundler, R. (1989) FEBS Lett. 244, 51-56

Channon, J. Y., and Leslie, C. C. (1990) J. Biol. Chem. 265, 5409-5413

Reynolds, L., Hughes, L., Louis, A. I, Kramer, R. A,, and Dennis, E. A. (1993)
Biochim. Biophys. Acta 1167, 272-280

Wijkander, J., and Sundler, R. (1992) Biochem. Biophys. Res. Commun. 184,
118-124

Ghomashchi, F., Schuttel, S., Jain, M. K., and Gelb, M. H. (1992) Biochemistry
31, 3814-3824

Leslie, C. C. (1991) J. Biol. Chem. 266, 1136611371

Lin, L-1,, Lin, A. Y., and Knopf, J. L. (1992) Proc. Natl. Acad. Sci. U. S. A. 89,
6147-6151

Lin, L. L., Wartmann, M., Lin, A. Y., Knopf, J. L., Seth, A,, and Davis, R. J.
(1993) Cell 72, 269278

Qiu, Z. H., de Carvalho, M. S., and Leslie, C. C. (1993) J. Biol. Chem. 268,
24506-24513

Kramer, R. M., Roberts, E. F., Manetta, J. V., Hylsop, P. A, and Jakubowski, J.
A. (1993) J. Biol. Chem. 268, 26796-26804

Nemenoff, R. A., Winitz, S., Qian, N., van Putten, V., Johnson, G. L., and
Heasley, L. E. (1993) J. Biol. Chem. 268, 1960-1964

Hazen, S. L., and Gross, R. W. (1993) J. Biol. Chem. 268, 9892-9900

Ross, M. I, Deems, R. A,, Jesaitis, A. J., Dennis, E. A, and Ulevitch, R. J.
(1985) Arch. Biochem. Biophys. 238, 247-258

Hazen, S. L., Zupan, L. A., Weiss, R. H.,, Getman, D. P, and Gross, R. W. (1991)
J. Biol. Chem. 2686, 7227-7232

Hazen, S. L., and Gross, R. W. (1991) J. Biol. Chem. 266, 14526-14534

Hazen, S. L., and Gross, R. W. (1991) Biochem. J. 280, 581-587

Hazen, S. L., Hall, C. R., Ford, A. A, and Gross, R. W.(1993) J. Clin. Invest. 91,
2513-2522

Hanasaki, K., and Arita, H. (1992) J. Biol. Chem. 267, 6414-6420

Barbour, S., and Dennis, E. A, (1993) J, Biol. Chem. 268, 21875-21882






