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Preface

This volume of Cellular and Molecular Mechanisms of Inflammation focuses on
mechanisms of the transduction of signals linking stimulated receptors
and cellular function. This volume is an extension of themes begun in the
initial volume of this series, “Receptors of Inflammatory Cells: Structure—
Function Relationships,” in which were presented the structures of the
major types of receptors that produce signals to the interior of the cell.
This volume is dedicated to the pathways of signal transduction in-
volved in stimulating functions of inflammatory cells associated with both
host defense and the development of inflammatory injury. The subjects
presented are limited. The volume is not intended to deal with signal
transduction of growth factor receptors, steroid receptors, or a compre-
hensive approach to the initiation of DNA expression. Rather, the aim of
this volume is the compilation and description of molecules involved in
the initial phases of the signal transduction process in inflammatory cells.
The first chapter is devoted to receptor-ligand interaction, the kinetics of
which form the basis of the switch turning on the signal to the cell. This
aspect is too often overlooked in analyses of cellular stimulation, and the
techniques employed by Dr. Sklar allow penetrating insights into the
initial kinetics of the process. Since a great many signals for inflammatory
cells derive from receptor molecules bearing serum transmembrane do-
mains and are coupled during stimulation to nucleotide binding (G) pro-
teins, the second chapter is devoted to the latest information on this im-
portant group of proteins with emphasis on low-molecular-weight
G proteins. The G proteins are coupled to several important enzyme sys-
tems, three of which are presented: phospholipase C, phospholipase D,
and phosphatidylinositol 3-kinase. This final enzyme links receptors and
G proteins with cellular proliferation and transformation as well as mod-
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ulation of the cytoskeletal system, while the previous two enzymes me-
diate a whole host of cellular functions as noted in the chapters. Finally, we
have selected two additional areas for discussion since they are central to
many functions of inflammatory cells, namely, calcium mobilization and
phosphatidylinositol turnover.

It must be recognized that certain facets of signal transduction are not
included. Future volumes will deal with these subjects. We ask the reader’s
indulgence in such omissions with the hope that the presentations in this
volume will form a core of information on essential molecular interactions
that will provide helpful insights into the initial phases of signal trans-
duction. Another deficiency in this volume is the absence of an analysis of
the modulation of activated receptors, including receptors, kinases, and
associated molecules such as those of the arrestin series. A requested
chapter dedicated to this subject failed to surface and the reader is referred
to original texts in the literature.

As in our previous volumes, we have carefully selected the contributors
to these subject areas and are indebted to the commitment made by the
authors in these highly respected laboratories. We have also, as in previous
volumes of this series, directed the contributors not to present a compre-
hensive list of references, since the series, Cellular and Molecular Mechanisms
of Inflammation, is dedicated to recent developments.

Charles G. Cochrane
Michael A. Gimbrone, Jr.
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Real-Time Analysis
of Ligand—Receptor
Dynamics and
Binding Pocket
Structure of the
Formyl Peptide
Receptor

CHAPTER 1

Larry A. Sklar

Cancer Center, Cytometry

University of New Mexico School of Medicine
Albuquerque, New Mexico 87131 and

Los Alamos National Laboratory

Introduction

We have developed complementary spectrofluorometric and flow cyto-
metric techniques to examine the interactions of formy] peptide ligands (L)
with their cell surface receptors (R). These general approaches have now
evolved to the point that mechanistic studies based on kinetics of ligand
binding and structural insight based on spectroscopic properties of probes
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2 Larry A. Sklar

in binding pockets may now be accessible to the scientific community.
These techniques have been used to study ligand-receptor and receptor-
processing events in intact neutrophils and ternary complex interactions in
permeabilized neutrophils and neutrophil membranes. Kinetic studies
suggest that L binds to R at a diffusion-limited rate and that R undergoes
rapid transitions involving three states [LR, LRG (the ternary complex of
L and R with the G protein), and a desensitized receptor “LRX,” which
forms within seconds] prior to internalization. A model describing the
kinetics of the activation events and based on the real-time methods sug-
gests novel implications in signal transduction via ternary complex path-
ways. The methodology has also contributed to an understanding of the
relationship between receptor occupancy and cell response, including
quantitative insight into the details of amplification of intracellular signal-
ing pathways.

Structural information about receptor binding pockets is also now be-
ginning to emerge. We have learned through a spectroscopic analysis of
the interaction between L and R that the binding pocket of R is large
enough to contain no more than six amino acids and that a fluorescein-
labeled pentapeptide is quenched upon binding to R. The quenching ap-
pears to be via a static mechanism involving protonation of the chromo-
phore. An analysis of the primary sequence of the receptor suggests points
of contact between L and R. We hypothesize that His-90 (putatively located
in the extracellular loop connecting the second and third transmembrane
domains) protonates L and quenches the probe.

We believe that a number of technological developments will continue
to drive the applications and implications of real-time methods. For ex-
ample, technology being developed at the National Flow Cytometry Re-
source at Los Alamos National Laboratory is expected to extend and
generalize the analysis of receptor structure and dynamics to low-affinity
peptide receptors of living biological systems. This technology is expected
to be available to support a broad user community.

Birth of Real-Time Assays for Neutrophil
Receptor Dynamics

It is now clear that cell activation involves a sequence of transient macro-
molecular assemblies, beginning with the binding of stimulatory ligands
to cell surface receptors. Whereas receptor activities had classically been
identified by physiological means, the introduction of radiolabeled ligands
permitted a breakthrough in the ability to identify, characterize, and purify
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receptors. The early phases of our work to develop real-time spectro-
fluorometric and flow cytometric approaches to analyze neutrophil recept-
ors had their origins in the late 1970s. These investigations were promoted
by several important factors. First, it was beginning to be recognized that
hormone receptors exhibited guanine nucleotide sensitivity in ligand bind-
ing (1). These observations indicated that ligand binding analysis was
likely to play an important role in understanding signal transduction as
well as being a tool for identifying the distribution of binding sites on
various tissues and purifying the molecules. Second, there was at this time
considerable interest in the idea that ligand or receptor internalization
played a necessary role in signaling for some receptors (2). Niedel ef al. (3)
had just succeeded in preparing a rhodamine derivative of the newly
identified chemoattractant formyl peptide and used fluorescence micro-
scopy to visualize its rapid clustering and internalization. Finally, Zig-
mond and co-workers (4) had engaged upon the arduous task of attempt-
ing to unravel the connection between ligand-binding and cell responses
for neutrophils chemotaxing in gradients. Their studies made obvious the
need to take into account receptor expression or up-regulation, internaliza-
tion, and recycling.

Our first attempt to understand the relationship between receptor occu-
pancy and neutrophil response began in 1980. At that time a number of
convenient assays were available to measure neutrophil responses con-
tinuously and in real time. These included recently introduced methods
for detection of superoxide generation by cytochrome reduction and mem-
brane depolarization by membrane potential-sensitive dyes. In an effort to
understand how signaling might progress through a chemotactic process,
we began to consider how cells would respond to a stimulus administered
in a temporal gradient (5). That is, to mimic the temporal aspects of
increasing stimulus concentration that a cell would encounter while che-
motaxing up a spatial gradient, we delivered formyl peptide to cells in
suspension, using an infusion pump to ramp the stimulus concentration.
We found that the responses elongated in time, but eventually the rates of
stimulus administration were so low that the cells failed to respond at all.
Using very approximate arguments concerning the rates of ligand binding
based on the studies by Zigmond et al. and noting the impact of the
infusion on the responses, we suggested that low rates of occupancy were
required to initiate responses and that chemotaxis might require as few as
1% of the receptors occupied per minute.

These initial observations prompted us to pursue a course toward un-
derstanding the relationship between ligand—receptor dynamics and cell
response. A number of challenges immediately presented themselves.
First, we were aware of a need to make early time, as well as time-depen-
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dent, measurements of binding at low levels of receptor occupancy. It was
already clear that neutrophils had the capabilities of varying receptor
expression in complicated ways (i.e., changing affinity during receptor
desensitization and changing number through expression, internalization,
and recycling). Investigators before us had already resorted to complex
sampling protocols involving binding at one temperature, changing the
temperature for the wash step, and changing again for analysis. We were
uncertain about particular aspects of radioligand techniques, including the
specificity of binding assays with hydrophobic ligands, the ultimate time
resolution accessible with heterogeneous assays requiring wash steps, and
the difficulty in performing time-dependent assays. As noted, when a
number of processing events could proceed simultaneously, it was neces-
sary to use temperature as a tool in trapping individual steps. The possi-
bility of using fluorescent formyl peptides in real-time assays was
strengthened for us by several reports of acetylcholine receptor dynamics
with fluorescent ligands (6). Preparations of acetylcholine receptor sus-
pended at micromolar concentration had permitted the analysis of ago-
nists and antagonists with affinities comparable to or tighter than the
receptor concentration. Would it be similarly possible to examine neu-
trophil receptors expressed at 50,000 per cell at cell densities up to 10
million per milliliter? In this case, receptor densities were expected to be
no more than 1 nM!

Early Methods 1980-1985

The key to any real-time binding assay is the ability to discriminate free
and bound ligand. Spectrally sensitive probes change absorbance or emis-
sion properties when ligands bind to receptors, resulting in wavelength
shifts. Spectroscopic changes are also possible, such as a change in
fluorescence depolarization resulting from altered rates of rotational re-
laxation of the free and bound ligand species, a change in intensity (i.e.,
quenching or enhancement), or a change in fluorescence lifetime. As we
were soon to realize, single-cell detection (suggested by the success of the
microscopic studies) also made flow cytometric detection reasonable. Not
initially realizing the power of flow cytometry, we explored the feasibility
of suspension methods in cuvettes. After synthesizing the fluoresceinated
hexapeptide, we confronted two problems immediately: how to detect the
signal from the ligand in the presence of overwhelming scatter signals
from 10 million cells per milliliter and how to resolve the signals emanat-
ing from free and bound ligand molecules. Some years earlier I had un-
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covered a report by Walter Dandliker and colleagues (7) describing high-
affinity antibodies to fluorescein which quenched the emission of
fluorescein when fluorescein was bound to the antibody. As my co-work-
ers were immunologists, I wondered whether it would be possible to use
antibodies to physically discriminate the free and bound ligand. As luck
would have it, Dandliker was in the same institution as I, and he willingly
provided both advice and reagents. The advice was that, since the cell-
bound ligand had been resolved from free ligand and light scatter through
microscopy, there was no doubt that filters and monochromators could
resolve scatter and fluorescent signal in the cell suspension. The reagent he
had available was a preparation of high-affinity polyclonal antibody to
fluorescein derived from hyperimmunized rabbits. The antibody proved
essential in getting the work off the ground. It was a short time thereafter
that we reported the use of the antibody to fluorescein in quenching the
free fluoresceinated ligand in the presence of cell-bound ligand (8). Thus,
it was possible to achieve a real-time analysis of ligand binding in cell
suspensions with the cells and the receptors present at concentrations
comparable to their natural abundance. These studies also used the anti-
body to interrupt cell stimulation during early phases of ligand binding.
This was possible because the antibody bound free ligand rapidly, and the
resulting complex bound poorly to the cell surface receptors. The results
confirmed initial observations that responses were initiated by low levels
of occupancy. Since we observed that individual responses required dif-
ferent levels of occupancy, these results began to sow the seeds for us of
the concept of divergent pathways of cell response.

At this time flow cytometry was beginning to be used widely among
immunologists, and an instrument was available in my institution for pilot
studies of formyl peptide binding. The first experiment was designed to
answer two questions: Could binding be detected on a single-cell basis,
and what impact did washing the free ligand have on the measurement?
Even with the instruments of that era, there was no trouble in detecting
binding. To our surprise the cytometric signal was not remarkably differ-
ent if cells labeled with 1 nM fluorescent ligand were washed free of the
unbound ligand. Moreover, cells exposed to fluorescent ligand in the
presence of excess nonfluorescent ligand remained essentially as dim as
cells which had never seen the fluorescent ligand. These observations led
to a realization that flow cytometry intrinsically discriminated between
ligand which had accumulated on the cell surface from ligand dilute in the
surrounding solution. The discrimination made possible continuous anal-
ysis of cells accumulating or releasing ligand in association or dissociation
experiments. Since standards were not available to quantitate receptor
numbers in flow cytometry according to the cell brightness, a calibration
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method was developed at the same time as these initial cytometric in-
vestigations (9). The calibration method was based on the idea that total
cell binding would vary in response to ligand depletion as a function of
varying the cell density.

The introduction of complementary cytometric and fluorometric meth-
odologies set the stage for a systematic investigation of the relationship of
receptor binding, processing, and cell response (10-15). These early stud-
ies made contributions in three areas of signal transduction. First, we took
advantage of the fact that fluorescein emission intensity is sensitive to pH
to probe the role of internalization in cell response (10, 11). The meas-
urement depends on the idea that, within the first 3 minutes of binding,
internalized ligands are not acidified in receptosomal compartments and
retain their fluorescence. However, these internalized ligands are pro-
tected from quenching when the extracellular pH is lowered. In contrast,
the extracellular ligands are effectively and instantaneously quenched by
the pH change. Thus, by lowering the pH of the medium, it was possible
to follow the kinetics of internalization in real time as a function of time
following binding. In the neutrophil internalization was detected after
about 30 sec of ligand binding to the cell and proceeded with a half-time
of about 3 min, apparently at a rate independent of ligand concentration.

Comparing the kinetics of initiation of cell responses and the onset of
internalization, it was clear in 1982 that internalization was too slow to be
the turn-on signal for cell activation. We could also combine the results of
pulse stimulation protocols with internalization analysis. In pulse stimula-
tion ligand is administered, and binding to the receptor is then blocked by
adding antibody to fluorescein or receptor antagonists (8, 14). We then
compared the rate at which responses stopped to the rate at which ligands
were cleared from the cell surface by internalization. It was evident from
these investigations that internalization was also too slow to be the turn-off
step for cell responses because responses had ceased prior to ligand in-
ternalization. From kinetic analysis alone, it was appropriate to conclude
that receptor activation and desensitization steps were all occurring at a
time prior to clearance of receptors from the cell surface.

It was about 1982 when work from a number of laboratories implicated
a pathway in which formyl peptide receptors signaled through G proteins.
Two types of experiments were reported: Neutrophil membrane prepara-
tions exhibited nucleotide-sensitive ligand binding (16) and ligand-stim-
ulated GTPase activities (17). Late in 1984, pertussis toxin was available to
demonstrate G protein activities in the neutrophil (18). At the same time,
the real-time kinetic studies were beginning to make their second con-
tribution, by revealing time-dependent heterogeneity in ligand-receptor
interactions. On the intact cells rapidly dissociating receptor forms were
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detected within seconds of receptor occupancy, before internalization (14).
These rapidly dissociating forms disappeared within tens of seconds. Be-
cause the residual slowly dissociating forms were detected at a time when
cell responses to pulse stimulation had ceased, these forms appeared to
represent the desensitized receptors. It was not until broken-cell prepara-
tions were studied in the real-time assays a few years later that it became
evident that these rapidly dissociating forms were likely to be receptors
uncoupled from G proteins.

Finally, the third contribution of the real-time methods was in the area
of occupancy-response relationships. It now became possible to define the
number of receptors required to elicit certain cell responses. While it had
been appreciated previously that stimulated oxidant production required
much higher doses of chemoattractant than chemotaxis, we were able to
define occupancy requirements in a considerably more systematic way.
We compared real-time binding curves with response levels that had been
obtained by using pulse stimulation to define specific levels of occupancy.
We found that occupancy of essentially all of the receptors was required
to achieve maximal oxidant output (14). In contrast, actin polymerization
(15)—and, more recently phosphatidylinositol triphosphate production,
which parallels actin polymerization (19)—were stimulated by less than
1% of the receptors. These results have led to a proposal of differential
amplification of response pathways, which is considered in more detail
below.

To explore the notion that cell responses were sensitive to the rate of
ligand binding, sample delivery methods for ligand infusion during cyto-
metric analysis (13) were developed. In studying cell responses, we ob-
served that cytoskeletal responses were still activated when occupancy
rates were well below 1% of the receptors per minute; oxidant responses,
on the other hand, began to desensitize when occupancy rates fell below
about 10% of the receptors per minute (20). These observations suggested
to us that there were branch points in the signaling pathways which make
it possible for cells to chemotax at low levels of chemoattractant in the
vicinity of host tissue without delivering an inflammatory “punch,” saving
their optimal response capabilities for sites of developing inflammation or
host defense where much higher levels of stimulus were available.

Receptor-G Protein Interactions

The treatment of neutrophils with pertussis toxin impairs cell response
due to a disruption of coupling between receptors and G proteins. These



8  Larry A. Sklar

observations provided the clearest evidence that the first steps of neu-
trophil activation require an assembly of ternary complex, an interaction
among peptide ligands, receptors, and G proteins. We first examined these
interactions using spectrofluorometry in digitonin-permeabilized cells (21)
by the antibody detection method. In this permeabilized cell preparation
a slowly dissociating complex is detected in the presence of ligand and the
absence of guanine nucleotide. When guanine nucleotide is present or the
G protein is treated with pertussis toxin, a rapidly dissociating receptor is
detected. The sensitivity of the binding to guanine nucleotide and pertus-
sis toxin is generally agreed to define the slowly dissociating receptor as
the ternary complex LRG and the rapidly dissociating receptor as the
binary complex LR. The dissociation rates differed by about two orders of
magnitude, LRG dissociating with a half-time of ~500 sec and LR, with a
half-time of ~5 sec.

This permeabilized cell preparation was a key element in our work
because the ternary complex events can be isolated from subsequent re-
ceptor-processing steps which occur in the intact cell. This system also
provided our first opportunity to apply kinetic approaches to gain mech-
anistic insight into ternary complex interactions. We learned that once the
ternary complex is formed, its dissociation into LR is rapid following the
administration of saturating nucleotide. We analyzed the kinetics of tern-
ary complex disassembly by varying the concentration of guanine nucleo-
tide and examining the rate of dissociation of the ligand (22). The results
suggested that, at saturating nucleotide levels, the binding of GTP[S] and
the break-up of the ternary complex occur on a subsecond time frame. A
more detailed mechanistic analysis was consistent with the notion that the
rate-limiting step in the disassembly of the quaternary complex is the
binding of the guanine nucleotide to the ternary complex. While, the
break-up of the ternary complex occurred too fast to be measured directly
by the antibody technique, the results provided some physiological in-
sight. The observations are consistent with the idea that inside a neutrophil
(which contains GTP levels of several hundred micromolar), once ternary
complex forms, activation of the G protein occurs within 100 msec.

How fast does the ternary complex LRG form? The fact that cell re-
sponses are beginning to be detected in the first seconds after stimulus
additions implies there is not a significant delay in the transduction pro-
cess. However, the use of antibodies to discriminate free and bound ligand
limits the time resolution of our kinetic analysis. While the method is
performed in real time, it is essentially a heterogeneous assay, because the
antibody perturbs the distribution of ligand in the system. Moreover, the
method does not permit a continuous analysis of the association kinetics.
Therefore, to a first approximation, all of the ligand bound to receptor was
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always detected in the slowly dissociating LRG form when nucleotide was
absent. Thus, it really was not rigorously possible to judge whether ternary
complex formed rapidly when ligand was added or whether R and G were
precoupled in the absence of ligand. Other cuvette methods also suffer
from another difficulty. That is, when working at the very high ligand
concentrations needed to observe significant formation of low-affinity LR
complexes, most of the ligand is free. When ligand concentrations are high
and exceed the receptor concentrations, it is harder to detect bound ligand,
and, together, these factors compromise the direct analysis of low-affinity
LR interactions.

Recently, we succeeded in analyzing ternary complex interactions by
two more effective approaches using kinetic applications of flow cyto-
metry (23) and spectrofluorometry with ligands whose fluorescence is
quenched upon binding to the receptor (unpublished observations). Both
of these detection systems are rigorously homogeneous, and although the
cytometric time resolution is limited to about 5 sec, a detailed kinetic
analysis of ligand-receptor interactions has been possible (23). The cyto-
metric method is particularly useful when working at comparatively high
ligand concentrations and low-affinity binding interactions, because of the
intrinsic ability of the analysis to detect cell-associated ligand and to dis-
criminate free ligand in the bulk environment. This occurs because data
acquisition is triggered by the presence of a cell, and the ligand in the
volumes between cells is essentially ignored.

Equilibrium binding studies performed by cytometry showed that LRG
binds ligand more tightly by two orders of magnitude than LR. A second
class of binding sites of smaller number was detected in the absence of
guanine nucleotide. The second class of sites has affinity characteristics
similar to those of LR, suggesting that some fraction of LR sites remain
uncoupled from G in the absence of guanine nucleotide. The presence of
receptor sites that do not couple to G protein or couple quite slowly is
common to other receptor systems (24) and may actually be rather com-
mon. The observation was somewhat surprising for us in view of the fact
that, by enzyme-linked immunosorbent assay, there is a 100-fold excess of
what appear to be the appropriate G proteins as compared to the receptors
(25, 26).

Kinetic studies performed by cytometry (23) have revealed that this
change in affinity was due principally to an increase in the dissociation rate
constants for LRG (1 x 10-3sec™!) as compared to LR (1 x 10-! sec!). In
contrast, the association rate constants for LRG and LR (~3 x 107 M- sec!)
were statistically indistinguishable and close to the diffusion limit. Kinetic
data have now been fit with a number of models related to the ternary
complex. When fit with the simplest one-step reversible binding models,
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there were systematic errors in the fits, and the predicted off-rate differed
by an order of magnitude from the direct measurement of the dissociation
of LRG. Only when a full ternary complex model is used do the data
systematically fit. The results of the ternary complex analysis, performed
on a Cray supercomputer (Mendota Heights, MN), are consistent with a
reaction mechanism for the assembly of the LRG ternary complex in which
a large fraction of G (about 50%) is precoupled to R and a comparable
fraction of R associates slowly (with a half-time of approximately minutes)
to form LRG. A similar conclusion was obtained from spectrofluorometric
analysis (unpublished observations).

The suggestion of precoupled RG sites is a theoretical possibility im-
plicit in ternary complex analysis, even though solubilized receptors and G
proteins do not coisolate on gradients unless ligand is present. Whether
there is coupling between R and G on cell surfaces in the absence of ligand
has yet to be demonstrated unequivocally to our knowledge. The existence
of precoupled RG sites offers the possibility of rapid signal transduction
without the need for intervening diffusion of the transduction partners pri-
or to activation. The slowly coupling or uncoupled receptors would appear
to reflect a population of receptor sites which are relatively isolated from
the transduction pathway. There are two interesting implications of these
possibilities. First, there is considerable interest in drug molecules that in-
terfere with RG coupling to be used to control cell response. The utility of
such molecules would clearly by limited under conditions in which there
are precoupled RG complexes. Second, temporal heterogeneity in cell re-
sponse might arise as a consequence of there being both precoupled and
slowly coupling receptor populations. This is an interesting issue for neu-
trophils in which some responses are temporally biphasic, the most no-
table being receptor-stimulated actin polymerization (15, 19). Early actin
responses may arise from ligand binding to precoupled RG complexes and
late responses from ligand binding to slowly coupling receptors.

We are now engaged in the analysis of ternary complex formation
under several types of conditions. Preliminary analysis of the results when
guanine nucleotide is at concentrations below saturation of the G proteins
suggests that, in the absence of ligand, GTP[S] may mediate a redistribu-
tion of the sites defined as uncoupled R and precoupled RG. Although this
analysis is as yet incomplete, it provides some tantalizing possibilities.

The calculations that suggest a potential ability of GTP[S] to alter the
coupling between precoupled RG complexes in the absence of ligand have
their own implications. They provide a possibility that, in the intact cell, a
stable resting form of R and G exists without nucleotide "RG-" and that
ligand causes the empty G site to open to accommodate the nucleotide. I
have always wondered how it is that GTP[S] can activate responses in



CHAPTER 1 Formyl Peptide Receptor 11

broken-cell preparations if ligand is required to catalyze the release of
endogenous GDP, which is often thought to be prebound to G proteins. Is
there an alternative possibility, that there is some fraction of empty G
proteins which are already receptor bound and that GTP[S] is capable of
occupying the empty site and activating the G protein without the need for
ligand?

Intact Cell

Measurements of receptor dynamics in the intact cell are considerably
more complex than in the permeabilized cell because of receptor process-
ing of several kinds. In the neutrophil this includes up-regulation of re-
ceptors from secretory granule stores, desensitization of membrane-bound
receptors, and internalization of desensitized receptors. We have recently
evaluated the up-regulation of receptors in neutrophils in several types of
physiologically relevant settings. In blood the receptors in the cells exist
primarily in internal storage locations, where they can be up-regulated
rapidly by massive degranulation (30,000 per minute), slowly by priming
agents such as lipopolysaccharide (halftime of ~ 15 min), or during cell
stimulation over 2-3 min (10,000 per minute) by formyl peptides them-
selves (27). To avoid the complication of the contribution of up-regulation
during our measurements, we examined cell preparations in which ex-
posure to optimal lipopolysaccharide concentration during cell isolation
from blood leads to expression of the receptors.

In the intact cell the identification of individual receptor states is com-
plicated by spontaneous transduction and processing events. While there
has been an increasing understanding of the processing of individual
members of the family of G-linked receptors (28), at the time during which
we began to characterize receptor states in the cell, the sequence of the
formyl peptide receptor had not yet been established. Many of us in this
field believed that it would turn out to be a member of the family of
receptors which interacted with G proteins possessing seven transmem-
brane a-helical domains. In several receptors of this type, desensitization
involves phosphorylation of serine and threonine residues through
specific receptor kinases.

Based on functional measurements defining a slowly dissociating de-
sensitized receptor (LRX) and broken-cell measurements defining un-
coupled and G-coupled forms, there are compelling arguments for three
different receptor forms in the intact cell (29). To identify these forms in the
cell, we undertook a strategy to trap the distinct receptor forms. We be-
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lieved that RG interactions would be sensitive to pertussis toxin, while
desensitized receptor forms dependent on receptor phosphorylation
would be sensitive to cellular energy levels. The measurements of ligand—
receptor interaction for such studies only required an analysis of ligand
off-rates in response to treatment of the cells by pertussis toxin and me-
tabolic inhibitors. Thus, we could take advantage of the antibody technol-
ogy. The results (Fig. 1) of these experiments suggested that the slowly
dissociating receptor form detected in the intact cell after activation, but
prior to internalization (i.e., the desensitized receptor), was, in fact, the
major receptor form detected at 37°C. We found that, while the formation
of the desensitized form requires energy, direct evidence of phosphoryla-
tion of the formyl peptide receptor had not yet been obtained. When
cellular energy levels are depleted, and adenine and guanine nucleotide
levels fall, LRG can be formed. This occurs presumably because the lack of
ATP inhibits desensitization of the receptors, and the lack of free guanine
nucleotide permits stabilization of LRG. The identity of the second slowly
dissociating receptor form distinct from LRX as LRG is confirmed by the
idea that low energy levels block LRX formation and ribosylation blocks
LRG formation. In this case a rapidly dissociating receptor with the char-
acteristics previously ascribed to LR is detected. Moreover, experiments

LRG Pl 7 LR
LR// LR 4/ é(

X5 X X

LRX LRX

G

Slow Slow Fast
Energy Depletion and
Control Depletion Ribosylation

FIGURE 1

Three receptor forms have been identified: a slowly dissociating
desensitized LRX, a rapidly dissociating LR, and the slowly
dissociating LRG. In the cell the interconversions from LRG and
LR are mediated by guanine nucleotide; the formation of LRX
depends on energy (probably through ATP-dependent
phosphorylation). Under normal circumstances LRX forms
spontaneously and dominates the observed ligand-receptor
interactions. By poisoning energy metabolism, LRG is trapped,
because levels of both adenine and guanine nucleotides fall.
Through the combination of pertussis toxin (PT) treatment
(uncoupling receptors from G proteins) and energy depletion, LR
is formed.
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with ribosylation by pertussis toxin indicate that, while occupancy by
agonist is required for receptor desensitization, neither G protein nor cell
activation is required to form LRX.

Because of the considerable interest in the role of the cytoskeleton in
regulating ligand-receptor interaction, we examined cells treated with
Clostridium botulinum C, toxin. This toxin blocks receptor-stimulated actin
polymerization and reduces resting levels of F-actin to virtually unde-
tectable levels. Since the desensitized receptor state forms more or less
normally in cells depleted of F-actin by treatment with C. botulinum C, tox-
in (30), it appears that microfilaments are not absolutely required for
desensitization.

Given the information now available concerning the behavior of ternary
complex in permeabilized cells, and the identification of distinct receptor
forms in intact cells and their regulation, it is appropriate to develop a
whole-cell model of ligand-receptor interactions. To analyze and model
ligand-receptor interactions in intact cells, several additional technical
demands must be satisfied. First, in the intact cells it is necessary to take
into account the fact that interconversions among all three receptor forms
occur rapidly. Analysis of these interconversions requires technology
which permits continuous analysis of ligand association and dissociation
in the 1-sec time frame. As indicated, the antibody technique is better
suited to the dissociation process; however, the time resolution in flow
cytometry with existing instrumentation is not entirely adequate for the
needs of second or subsecond time resolution. Second, ligand-receptor
complexes are internalized. Assay systems that permit continuous analysis
of ligand association and dissociation use fluorescence polarization on
cells suspended in cuvettes (31, 32) or take advantage of probes that
change intensity upon binding to the receptor (33). The internalization
assay takes advantage of fluorescein as a pH indicator and uses a rapid pH
change as a quench step to identify extracellular ligand (11, 12).

In contrast to the broken-cell system, in the intact cell there is a rapid
spontaneous interconversion among the three receptor states, with rapid
formation of the desensitized receptor LRX (29). The evolution among the
receptor states can be probed in the following manner. After the
fluorescent ligand is added to the cell suspension, a nonfluorescent an-
tagonist follows at distinct times after the fluorescent agonist. At early
times in the ligand binding, a rapidly dissociating form similar to LR is
followed by a slowly dissociating desensitized receptor, LRX. After 1 min
or so of binding to the receptor, only the slowly dissociating receptor is
detected. Direct measurements of internalization indicate that the slowly
dissociating receptor is internalized somewhat more slowly, with a half-
time of 3 min following a delay of about 30 sec.
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The observed data can be fit with a model based on the direct observa-
tion of the behavior of LR and LRG in the permeabilized cell combined
with the behavior of LRX and internalization in the intact cell [Eq. (1)].
From the permeabilized cell we learn that ligand finds receptor at a rate of
3 x 107 M- sec-!. Receptors exist in forms which rapidly couple to G (or are
precoupled) and those which are uncoupled from G (and may slowly
couple). At concentrations of guanine nucleotide expected to be present
inside the cell, activation via transient formation of the LRG+GTP qua-
ternary complex is expected at a rate of more than 10 per second. From the
intact cell we learn that the uncoupled receptor desensitizes (LRX) at a rate
estimated to be 0.1 per second. LRX is slowly dissociating and is sub-
sequently internalized with ligand associated.

The analysis is consistent with these concepts: (1) The LRG which con-
tributes to early signals disappears within 1 sec during cell activation in the
intact cell, which is too rapid for LRG to be detected with the time resolu-
tion available; (2) the dynamics observed in the intact cell appear to be
dominated by a rapid interconversion between the rapidly dissociating LR
and the slowly dissociating LRX. The interconversion occurs in several sec-
onds. But where is LR coming from? LR could arise as the product of ter-
nary complex which has been activated and then disassembles, or LR
could arise as a consequence of ligand binding to receptors which couple
slowly to G proteins. The extent of cell activation would then depend both
on the fraction of receptors partitioned between forms which are pre-
coupled to G and uncoupled from G and on the relative rate at which re-
ceptors which are uncoupled from G either couple or become desensitized.

L+R L + RX
3 x 107 M-sec! 0.1/sec 0.001/sec
] (1)
3 x 107
M-1sec! 10/sec 0.1/sec 0.003/sec
L+RG —— LRG——=1LR+G LRX LRX
0.001/sec 0.01/sec internal

Calculations based on the behavior of the ternary complex [Eq. (1)] in
the intact cell have been performed. During ligand binding the total
amount of active LRG rises rapidly to a maximum within tens of seconds,
then decays slowly over several minutes as binding approaches “equilib-
rium.” (It is difficult to think of the binding in the intact cell as strictly an
equilibrium, since there appear to be two largely irreversible steps: de-
sensitization and internalization.) When binding of an agonist is inter-
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rupted by applying a saturating concentration of an antagonist (or adding
the antibody to fluorescein), the calculations show that the ternary com-
plex decays rapidly, within seconds (31, 32). Under normal conditions cell
stimulation is accompanied by cell responses which are initiated within a
few seconds, reach maximal rates of response within tens of seconds, then
decay slowly over periods of minutes (14). When agonist binding is in-
terrupted, it takes a few seconds for the response to be affected, then the
response decays. We believe that the cell responses decay because the
transduction pathway collapses once the active forms of the receptor have
been lost. Thus, it appears that the behavior of the active receptor forms is
relatively consistent with cell response behavior.

Taken together, it appears that LR dynamics can be accounted for in a
semiquantitative manner by combining the ternary complex behavior ob-
served in the permeabilized cell with identification of the receptor states in
the intact cell. At the present time, however, an important piece of the
puzzle is missing: the description of the extent to which receptors are
either coupled to or uncoupled from G proteins in the intact cell during
stimulation. In Eq. (1) the coexistence of uncoupled R and precoupled RG
would be reflected by the fraction of ligands entering the activation path-
way to form either LR or LRG. Since the disappearance of LRG is fast for
the entry in the RG arm, the receptor dynamics appear to be dominated by
the interconversions between LR and LRX. As long as LRG disappears
rapidly, the mathematical characteristics of the entry into the pathway as
LR or LRG are identical with respect to R. Entry via the LRG arms leads
to efficient activation, while entry in the LR arm leads to inefficient activa-
tion. Experimentally, we are as yet unable to resolve the issue of hetero-
geneity of RG coupling in the intact cell on the basis of ligand binding
dynamics. On the other hand, biochemical evidence (discussed below)
suggests that formyl peptide receptors do not appear to activate a large
number of G proteins sequentially (26). This observation is consistent with
the idea that uncoupled receptors, whether they have become uncoupled
after ternary complex activation or have yet to find a G protein, are more
likely to be desensitized than to find a G protein to produce another round
of activation signals.

Amplification

We have tried to integrate the results available from the real-time binding
methodology with pulse stimulation to generate concepts of amplification
in the stimulatory neutrophil pathways (14, 15, 19, 26, 34). These studies
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led to the notion that there was remarkable amplification in the stimu-
latory pathways, with a single receptor leading simultaneously to the
polymerization of an estimated 100,000 actins and the production of
100,000 radicals of superoxide (34). While superficially similar on a quanti-
tative basis, amplification in these pathways depends on profoundly dif-
ferent molecular details. Each pathway appears to show a common de-
pendence on the pertussis toxin-sensitive G proteins required for signal
transduction. Amplification at the level of G protein activation appears to
be minimal. Each formyl peptide receptor with access to G proteins ap-
pears to stimulate the hydrolysis of a small number of GTPs per minute
(26). This notion of limited amplification is consistent with the results of
ligand-receptor dynamics, in which it appears that receptors are desensi-
tized with a half-time of ~10 sec and that receptors uncoupled from G
proteins may find G proteins only over a period of minutes. We hypothe-
size that, once uncoupled, formyl peptide receptors are more likely to be
desensitized than to find a G protein to initiate a signal cascade.
Amplification in the oxidant pathway is projected (34) to arise from the
ability of an activated G protein to activate a single phospholipase C long
enough to produce hundreds to thousands of hydrolyzed phosphatidyl-
inositols. A cascade generating thousands of soluble inositol phosphates
and diacylglycerols releases tens of thousands of free calcium ions, acti-
vates large numbers of protein kinase C, and ultimately assembles
sufficient oxidase complexes for the oxidant burst. There is enough signal-
ing capacity in the pathway to respond to occupancy of virtually all of the
expressed receptors.

In contrast, after ~100 receptors have been occupied, 10 million actins
become polymerized, representing the net capacity of the cell. The actin
pathway appears to be independent of intracellular calcium and may
reflect an independent signaling branch in which G proteins activate,
either directly or indirectly, a phosphatidylinositol 3-kinase pathway (19).
The actin pathway is remarkably biphasic with respect to receptor occu-
pancy and time course of response. Beyond the first hundred receptors it
is the duration of the response which elongates, rather than its magnitude.
It is conceivable that the second phase of response represents the fraction
of receptors which only couple to G slowly and relatively inefficiently as
they are partitioned into the desensitized receptor pool. Such a hypothesis
implies that differences in time courses of actin polymerization for differ-
ent chemoattractant receptor types could be related to heterogeneity in
access to the G proteins.

Neutrophils also possess an inhibitory pathway which blunts the oxi-
dant output of the stimulatory pathway, without significant impact on the
actin pathway. The output of 500 B-adrenergic receptors compromises the
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output of 50,000 formyl peptide receptors (35). How do 500 receptors block
50,0007 GTPase analysis suggests that occupying the adrenergic receptors
leads to a comparable net GTPase activity as the formyl peptide receptors
(26). Since the adrenergic receptors are expressed at only 1% of the level of
formyl peptide receptors, the amplification may be 100 times greater
through the B-adrenergic receptor as compared to the formyl peptide
receptor. We propose that there may be an activation of 100 G,’s for each
adrenergic receptor as compared to one G, for each formyl peptide recep-
tor. The inhibitory pathway proceeds through production of an estimated
10,000 cAMPs for each activated receptor (26). The number of A kinases
activated is as yet unknown, but a potential target of the A kinase is a RAP
protein, which may be a regulatory subunit of the oxidase itself (36). Thus,
as a working hypothesis, we suggest that a highly amplified inhibitory
pathway intersects a stimulatory pathway at a common regulatory site.

Ligand-Receptor Dynamics for Unlabeled
Ligands

There are a number of circumstances in which labeled ligands are not
available for studies of ligand-receptor interactions. In some cases ligands
are available, but the measurements are difficult because the binding
affinities are too low. For these reasons we developed a cytometric ap-
proach to extract rate constants for nonlabeled ligands. The concept of the
method is that, since binding affinities for unlabeled ligands can be de-
termined from equilibrium analysis of competition between labeled and
unlabeled molecules, then the kinetic aspects of the competition can be
used to evaluate the rate constants for the unlabeled ligands. A series of
nonfluorescent peptide agonists and antagonists was studied in competi-
tion with a fluorescent agonist (37). We concluded that the antagonists
were characterized by subsecond residence times at the receptor, while the
agonists have long and time-dependent residence times. In light of more
detailed information, we would now interpret the time-dependent loss of
dissociability of agonists as reflecting the receptor-processing events of
signal transduction, including formation of the desensitized receptor.
An approach based on the functional capabilities of the antagonists was
used to estimate the association rates of antagonists with the formyl pep-
tide receptor (37). These experiments depend on an analysis of the rate at
which cell response to agonists was inhibited by antagonists. The results
yielded conclusions about antagonist binding rate constants similar to
those derived from the competitive binding studies. This approach was
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subsequently extended to the analysis of ligands which initiated the in-
hibitory pathway (35). Rate constants for the binding and dissociation of
the B-adrenergic receptors were estimated from the rates at which the
catecholamines inhibited the function of formyl peptide receptors. To our
knowledge the calculated rates represented the first estimate for the bind-
ing of isoproterenol to cells at physiological temperature. The results sug-
gested that agonists for both stimulatory and inhibitory receptors interact
with their specific receptors at rates approaching the diffusion limit.

Receptor Binding Pocket Topography

The development of experimental conditions for detecting ligand-recep-
tor interactions by fluorescence methods provides the possibility for mak-
ing spectroscopic measurements from probes within the binding pockets
of receptors. Spectroscopy can be a link to molecular structure, because the
fluorescence properties of probes are sensitive to the molecular environ-
ment of the site. We have begun to take advantage of these capabilities to
study the topography of interaction of a family of fluorescent formyl
peptides containing four (CHO-Met-Leu-Phe-Lys—fluorescein), five
(CHO-Met-Leu-Phe-Phe-Lys-fluorescein), and six (CHO-Nle-Leu—
Phe-Nle-Tyr-Lys—fluorescein and CHO-Met-Leu-Phe-Phe-Phe-Lys-
fluorescein) amino acids with their receptor, using spectroscopic methods
(33). The fluorescent peptides containing four and five amino acids were
quenched upon binding to the receptor, indicating interaction of the chro-
mophore with the receptor. In contrast, the hexapeptides were accessible
to antibodies to fluorescein. Taken together, these results suggest that the
C terminus of the tetrapeptide or the pentapeptide is protected in the
receptor binding pocket, while the fluorescein on the C terminus of either
hexapeptide is exposed and recognized by the antibody to fluorescein.
These results indicate that the binding pocket accommodates at least five
but no more than six amino acids.

To understand the structural basis of the quenching interaction in the
receptor binding pocket, we have investigated the spectroscopy of the
bound fluorescein. We examined the fluorescence lifetime of the
fluoresceinated ligand probes in and out of the binding pocket. The meas-
urements provide insight into whether the quenching occurred by a static
or dynamic mechanism and the structure of the binding pocket responsible
for the quenching. In dynamic quenching the fluorescence lifetime and
quantum yield would vary in parallel and would suggest that the environ-
ment of the fluorescein in the binding pocket was fluctuating on the time
frame of the fluorescein lifetime (~4 nsec). In the binding pocket, however,
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we detected residual long lifetime for the pentapeptide, rather than inter-
mediate fluorescent lifetime (unpublished observations). This result sug-
gests a static quenching mechanism in which the probe exists in either a
quenched (short lifetime) or unquenched (long native lifetime) state. Two
molecular mechanisms can account for coexisting environments: Fluores-
cein can be quenched by a hydrophobic pocket, in which case static
quenching could require some probe molecules in the pocket and some
outside; or fluorescein can be quenched by protonation, in which case
coexisting protonated and unprotonated forms would be detected. It is
expected that fluorescein in a hydrophobic pocket will exhibit a blue-
shifted emission spectrum. In preliminary measurements no shift of the
emission spectrum was detected, consistent with protonatin mechanism.
We have also now examined the pH dependence of the fluorescence of the
bound peptide (38). The tetrapeptide was unresponsive to pH, while the
pentapeptide was quenched with a pKa of ~7.5, consistent with interaction
with an interfacial histidine residue.

The formyl peptide receptor has been recently cloned and sequenced
(39). The receptor appears to possess seven transmembrane o-helical do-
mains, like the f-adrenergic receptor and the photoreceptor rhodopsin. In
these receptors the binding pocket is located in a cleft about one-third of
the way across the membrane bilayer formed by the a-helical domains.
The expected peptide binding region is rich in aromatic amino acids, and
there is a single histidine (His-90) located in a short loop connecting the
second and third transmembrane domains, perhaps 10-15 A from the
aromatic acid-rich binding pocket. His-90 is a good candidate for a proton
donor responsible for quenching the fluorescein of the pentapeptide, while
the tetrapeptide may be quenched by interactions with nearby aromatic
amino acids. We are presently engaged in producing probe molecules that
will exhibit distinct characteristics in hydrophobic, as compared to pro-
tonating, environments. It might ultimately be possible to engage chromo-
phores in conformationally active domains of the binding pocket of the
receptors, leading to detection of the intramolecular transitions required
for signal transduction.

Prospects for Generalizing Real-Time
Methods for Kinetic and Structural
Analyses

In the previous sections I suggested that fluorescence methodology offers
the promise of analyzing ligand-receptor interactions in living systems at
the natural abundance of cell surface receptors. The example discussed,
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the formyl peptide receptor, can bind agonists with affinities up to
10" M-, and 50,000 or more receptors are expressed on a fully activated
neutrophil. From a technological perspective it would be desirable to
extend the methodology to ligands with affinities as low as 10° M-!. This
range of affinities would encompass most hormone systems and the bind-
‘ng of synthetic peptides and peptidomimetics. Flow cytometric methods
‘re intrinsically suited to these goals, since, in flowing systems, data acqui-
sition is triggered by the presence of a cell or particle and its accompanying
light-scatter signal. Thus, flow cytometry is uniquely suited to discriminat-
ing the signals of fluorescent ligands associated with cells from the signal
of the fluorescent ligands in dilute solution surrounding the cells. None-
theless, there are limits to the detection of bound ligands: (1) when a small
number of ligands are bound per cell or when the ligand fluorescence
associated with the cells is not significantly more intense than the cell
autofluorescence; or (2) when the binding affinity of the ligand is low, so
that a high ligand concentration is required to saturate the binding sites.

Using commercial cytometers and cell preparations which are not high-
ly autofluorescent (e.g., blood cells, but not tissue culture cells) the binding
of 10,000 fluorescein-labeled ligands can be detected if the affinity is
108 M-! or higher. However, if the affinity is 10° M~!, 1 million sites must be
present. In general, the higher the affinity of the ligand binding, the lower
the number of sites required for detection. There is, however, a variety of
approaches to improving the sensitivity of detection. For example, chemis-
try allows the development of probes with emission properties distinct
from cell autofluorescence. Instrumental developments provide computa-
tional, electronic, and optical approaches to extending these limits. For
instance, instrumentation at the National Flow Cytometry Resource is
being developed to discriminate chromophores on the basis of their spec-
trum (wavelength) (40) or fluorescence lifetime.

A more general approach involves cytometers with fast-mixing capa-
bilities. For small molecules of affinity 10° M-, typical association and
dissociation rates are predicted to be <107 M-'sec! and <10 sec’. For such
low-affinity molecules the equilibration times are governed by the dis-
sociation rates, which, in general, will be in the time frame (i.e., half-time)
of ~100 msec. Flow cytometric detection systems, particularly with the
new digital data acquisition systems being built at the National Flow
Cytometry Resource, can be equipped to function on this time frame. The
most serious limitations presently arise from sample mixing and delivery
times, which generally require several seconds. With high-affinity ligands
and substantial receptor numbers it will be possible, with fast mixing, to
directly examine kinetics of binding and macromolecular assembly. In
the case of low-affinity ligands with low receptor number, one could
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imagine premixing the cells with ligand, then rapidly diluting the cells
prior to the cytometric analysis. The dilution would wash away the con-
centrated ligand, and the analysis of ligand spectroscopy and kinetic lig-
and-receptor processes could be performed during the course of ligand
dissociation from its receptor. Fast-mixing technology has existed for more
than 50 years in the physico-chemical literature. The next generation of
cytometers should be able to incorporate analysis in the tens to hundreds
of milliseconds by adding stopped-flow or continuous-flow injection capa-
bilities. In fact, a recent demonstration of microsecond mixing in cell-sized
volumes (41) suggests that it may ultimately become possible to visualize
protein conformation dynamics in cell-receptor systems in the microsec-
ond time domain. In this time domain we expect to examine binding
mechanisms and receptor structural reorganization associated with bind-
ing events.

On a more immediate level it will also be possible to apply fast-mixing
technology directly to macromolecular assemblies. For systems in which it
is already possible to resolve free and bound ligand, such as the formyl
peptide receptor, using ligand molecules that are quenched upon binding
to the receptor, it should shortly be possible to examine a variety of
subsecond nucleotide-dependent events. These include analysis of the
formation of LR and analysis of the lifetime of the quaternary complex
following the association of nucleotide with ternary complex. Issues such
as the discrimination of precoupled and uncoupled receptors and the
activation of G proteins by dissociation into subunits are likely to require
not only rapid mixing, but probes for both the R and G transduction
partners.
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Introduction

Neutrophils (polymorphonuclear leukocytes) and macrophages play a
major role in the body’s defense against harmful foreign pathogens. In
the course of serving this function, phagocytes must respond to a variety
of inflammatory stimulants, including N-formylated peptides, comple-
ment component C5a, leukotriene B,, platelet-activating factor, and in-
terleukin 8 (1). Phagocytes have specific cell surface receptors for these
factors that are coupled to the intracellular environment through oligo-
meric GTP-binding (G) proteins. These transducing elements are found in
all cells and couple ligand-activated receptors to the intracellular second
messenger cascades (2). Protein purification and molecular cloning have
revealed the existence of multiple additional G proteins that bear homol-

Cellular and Molecular Mechanisms of Inflammation, Volume 3
Copyright © 1992 by Academic Press, Inc. All rights of reproduction in any form reserved. 25



26 Lawrence A. Quilliam and Gary M. Bokoch

ogy with the ras oncogene products (3, 4). These smaller monomeric pro-
teins are referred to herein as low-molecular-weight G proteins
(LMWGs). Recent findings have implicated the LMWGs in a variety of
neutrophil activities.

The biochemistry of oligomeric G proteins has recently been the topic of
several excellent reviews (2, 5-7), and their role in signal transduction is
well characterized. Therefore, in this chapter we put more emphasis on the
properties of the LMWGs whose roles in neutrophil function are currently
being investigated.

Oligomeric G Proteins

Structure-Function Relationship

The signal-transducing G proteins are heterotrimers that consist of a, B,
and y subunits. Ga's range in size from 39 to 52 kDa, bind guanine nucleo-
tides, and possess an intrinsic GTPase activity. These a subunits have been
attributed with both the specificity of receptor recognition and the activa-
tion of effector enzymes or ion channels (2, 5).

Studies with a subunit proteins have defined a region near the C termi-
nus to be important for the recognition of both receptors and effectors.
Pertussis toxin-catalyzed ADP ribosylation of a cysteine four residues from
the C terminus prevents receptor-Go; protein coupling (see Ref. 2). Fur-
ther, a mutant form of Gug that is found in the unc variant of 549 lym-
phoma cells, which do not respond to B-adrenergic receptor activation, has
a point mutation close to its C terminus (residue 372) (8). Antibodies raised
to C-terminal peptides of Ga's block receptor-stimulated GTPase activity
(9-11), and mastoparan, a positively charged peptide from wasp venom
that is thought to activate G proteins by mimicking an intracellular loop of
their receptors, can block the binding of Go; C-terminal antibodies (11). A
recent study using the Drosophila homolog of Gos also suggests that res-
idues very close to the C terminus are critical for coupling mammalian
receptors to adenylate cyclase (12). These observations have been borne
out in experiments with chimeric Ga’s. Switching the C terminus of Gas
with that of Ga, results in the coupling of Ga; to stimulatory receptors (13).
Similarly, inserting a fragment of Goginto Ga, close to its C terminus
results in Ga's stimulating adenylate cyclase (14). Additional chimeric
studies have pinpointed a region close to the N terminus of Ga’s that might
be involved in its interaction with g and/or y subunits (14). The latter result
is in agreement with earlier biochemical data (15). The a subunits of G; and
G, are N-terminally myristoylated (16). This lipid modification is required
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for membrane association (17) and also for the efficient interaction of a
subunits with the By dimer (18).

The G protein $ and y subunits are normally considered a single entity
(the By dimer), as they require denaturing conditions for separation and
coexpression for stability (19, 20). f subunits are 35-36 kDa and y subunits
are less than 10 kDa (see Ref. 2). Multiple forms of each subunit have been
identified and there is indication that G protein—oligomer combinations
differ between tissues (21). Having a variety of «, §, and y combinations
may increase the possible functional diversity of G proteins. The By dimer
is essential for receptor—Ga interactions (22-24), but it is not yet clear
whether this is due to a requirement for direct binding to the receptor. The
By dimer appears hydrophobic in nature and can anchor Ga subunits to the
plasma membrane (25). Neither the f nor the y subunit has extensive
hydrophobic sequence. However, the y subunit is isoprenylated (for bio-
chemical details see “C-Terminal Processing”), and this lipid attachment
appears to be essential for By function (20). More active signaling roles for
the By dimer have been postulated, particularly based on genetic analysis
in yeast which suggests that the By dimer transduces the signal in response
to mating pheromones (26). There is also evidence, albeit controversial,
that the By dimer directly or indirectly regulates K* channels and phos-
pholipase A, activity in mammalian cells (see Ref. 2).

GTP Cycle

G protein activity is regulated by cycling between GTP- and GDP-bound
forms. G proteins are normally in the GDP-bound state under resting
conditions; however, the activation of receptors by agonist binding results
in stimulation of nucleotide exchange on Ga. This causes the activation of
a subunits and, at least in vitro, the concomitant separation of Ga from the
By dimer. Activated aGTP can then stimulate effector ion channels or
enzymes until the intrinsic GTPase activity converts it back to the GDP-
bound state. The aGDP then reassociates with the By dimer and is ready
to undergo another cycle of receptor activation. G protein biochemistry
and function have been described in more detail elsewhere (2, 5-7).

Neutrophil G Proteins

Pertussis Toxin-Sensitive G Proteins

There is considerable evidence to suggest that the effects of chemo-
attractant receptors are mediated through oligomeric G proteins (for re-
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views see Refs. 27 and 28). The majority of the biochemical responses
elicited by chemoattractants (e.g., activation of phospholipases A,, C, and
D and mobilization of intracellular Ca*") are those normally associated
with G protein activation (29). These effects are blocked by pretreatment of
the cells with pertussis toxin, suggesting the involvement of G;and/or
G, (30, 31). Further, the sensitivity of chemoattractant binding to its cog-
nate receptor is modulated by guanine nucleotides (32, 33). The receptors
for formylated peptides (34-36), C5a (37, 38), and platelet-activating factor
(39) have recently been cloned and, as expected, have a predicted seven
membrane-spanning domain structure, analogous to other G protein-
coupled receptors (40). The kinetics of receptor-G protein coupling are
described in Chapter 1 of this volume.

There are two Ga proteins ADP-ribosylated by pertussis toxin in neu-
trophil membranes that are closely related to Ga; types 2 and 3, as deter-
mined by mapping of proteolytic digests, peptide sequencing, and im-
munoblotting (see Refs. 28 and 41). These data are supported by the
identification of mRNAs for these two proteins in cDNA libraries made
from differentiated HL-60 cells (42, 43). No Ga;,or Ga, proteins or
mRNAs have been detected in these cells. The major pertussis toxin sub-
strate in neutrophils “Ga,,” is Ga;,. It is five to 10 times more abundant
than Ga,; and represents approximately 3% of membrane protein (44).
Unlike Goyz;and a 45-kDa form of Gag the expression of G, is
significantly increased upon myeloid differentiation of the HL-60 cells (41).
G, proteins have been found to copurify through several chromatographic
steps with both formyl peptide (45) and C5a (46) receptors. Proteolytic
digestion suggested that the major Go, protein coupled to the formyl pep-
tide receptor was Ga,, (45). However, Gierschik et al. (47) have suggested
that formyl peptide receptors are coupled to both forms of Ga;. Cholera
toxin is normally associated with the ADP ribosylation of Ga, not Gay, but
in the presence of chemoattractant, it is possible to covalently modify
receptor-coupled Ga; with cholera toxin. A likely explanation for this phe-
nomenon is that the target arginine residue in the nucleotide binding
pocket of Go; is exposed to cholera toxin only during nucleotide exchange
(when no nucleotide is bound). Treatment of neutrophil membranes with
cholera toxin plus f-Met-Leu-Phe in the absence of guanine nucleotides
resulted in the ADP ribosylation of two proteins that comigrate with HL-60
cell pertussis toxin substrates Ga;,and Go,,; (47, 48). Katada and col-
leagues (49) have also suggested that the formyl peptide receptor couples
to functionally distinct forms of Ga;.,.

The ability of chemoattractant receptors to interact with G proteins has
recently been directly demonstrated for both C5a and formyl peptide
receptors. Rollins et al. (50) isolated the C5a receptor using an affinity
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matrix and observed that three major proteins were specifically and stoi-
chiometrically eluted. One of these proteins was the C5a receptor, as
determined by photoaffinity labeling, whereas the other two, 40- and
36-kDa, proteins were shown to be G protein o and p subunits, respec-
tively, by pertussis toxin labeling and reaction with a- and B-specific
antisera. Jesaitis et al. (51) had previously shown that [**[]f-Met-Leu-
Phe-Leu—SASD {sulfosuccinimidyl 2-(p-azidosalicylamido) ethyl-1,3'-
dithiopropionate]-labeled formyl peptide receptor could be extracted from
neutrophil membranes in a form with a sedimentation coefficient of 7 S.
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FIGURE 1

Physical association of the formyl peptide receptor with G;.
The{'®I}fMLPL-SASD-labeled formyl peptide receptor formsa 7 S
complex with pure G; protein. (A) The “basal” receptor (A)
migrates as a 4 S form, but when constituted with brain G, it
shifts to a 7 S form (O). Addition of 10 uM GTPYS uncouples
receptor from the G protein, yielding the 4 S form (Q). (B) The

G; protein stoichiometrically ADP-ribosylated by pertussis toxin
can no longer form a 7 S complex with receptor (O). A Basal
receptor. Analysis is described in Ref. 52.
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The receptor could be converted to a 4 S form by treatment with guanine
nucleotides, suggesting that the 7 S form represented a complex of receptor
and G protein. In collaboration with Jesaitis and associates (52), we have
subsequently shown that the 4 S form of the receptor can be directly
converted to sediment at 7 S by reconstitution with purified neutrophil or
brain G, (Fig. 1). This shift to the 7 S form is prevented by pertussis
toxin-catalyzed ADP ribosylation of G, and is sensitive to guanine nucleo-
tides. The assignment of the endogenous 7 S species as a complex between
the receptor and the G protein is thus confirmed.

Activation of phospholipase C and, more recently, phospholipase D in
neutrophils has been shown to be sensitive to guanine nucleotides, sug-
gesting G protein regulation (53, 54). It was recently reported that formyl
peptide-stimulated diacylglycerol and phosphatidate generation shows
differential sensitivity to inhibition by pertussis toxin treatment of cells
(55). Thus, it is possible that Ga, and Gay; couple formyl peptide recep-
tors to different phospholipases. Phospholipase activation is the topic of
Chapter 3 in this volume.

Pertussis Toxin-Insensitive G Proteins

While, in general, the responses of neutrophils to chemoattractants are
sensitive to the pertussis toxin treatment of cells, several non-pertussis
toxin-sensitive events have been observed, including purinergic stimula-
tion of phospholipase C (56) and elevation of intracellular free calcium by
platelet-activating factor (27). These data suggest that G proteins other
than Ga; may exist in phagocytic cells. Recently, new classes of Ga protein
have been identified by the polymerase chain reaction (PCR) and sub-
sequent cloning (57, 58). These proteins, as well as Ga; (59), lack the
cysteine residue that is ADP-ribosylated in Go; and have several other key
features that warrant their being categorized as a family separate from Ga,.
Most notably, the GAGES (single-letter amino acid code) sequence in the
nucleotide binding region closest to the N terminus of the PCR-derived
clones (see Fig. 2) is converted to GTGES (57). One of these a subunits, G,
appears to be the pertussis toxin-insensitive G protein that couples recep-
tors to phospholipase C in cells of (mostly) nonhematopoietic origin (60)
and, along with Gay,, is ubiquitously expressed (58). Two other Gas (Ga-
types 15 and 16) are expressed preferentially in leukocytes (61) and may be
responsible for pertussis toxin-insensitive signaling. The ability of che-
moattractant receptors to interact with such G proteins has not yet been
demonstrated.
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FIGURE 2

Nucleotide binding regions and sites of posttranslational
modification of Ras and Ga. Regions of Ras that are involved
in the binding and/or hydrolysis of GTP (A-F) are shown,
along with homologous regions in the Ga; sequence. The
hatched region shows the putative effector binding domain

of Ras and the equivalent region in Ga. CT and PT, Arg-179
and Cys-351 that are ADP-ribosylated by cholera and pertussis
toxins, respectively; myristoyl, site of myristoylation of Gg;;
isoprenoid, site of farnesylation or geranylgeranylation of
LMWGs.

Low-Molecular-Weight G Proteins

LMWG Subfamilies

In addition to the oligomeric G proteins, there is a rapidly growing super-
family of LMWGs being identified by protein purification, immunological,
and recombinant technologies (3, 4, 62, 63). This superfamily currently
consists of approximately 40 monomeric proteins in the range of 18-28
kDa. Based on primary sequence, they have been subdivided into three
major families.

The ras oncogene products were the original LMWGs to be discovered
and are the most extensively studied. The 21-kDa Ha-, Ki-, and N-Ras are
believed to be involved in growth factor-mediated signal transduction,
either by modulating known second messenger systems or by acting
through a novel pathway(s) (64-70). The Ras family of LMWGs consists of
an additional seven proteins that have approximately 50% homology with



32  Lawrence A. Quilliam and Gary M. Bokoch

Ras. These include R-Ras (71), Ral A and B (72), and the Rap subfamily
(73-75). The functions of the former are unknown, while the Rap proteins
are discussed with respect to antagonism of Ras action and phagocytic
function(s) in “Regulation of GTP Hydrolysis” and “G Protein Regulation
of Oxidant Production in Neutrophils.” There are four Raps: 1A and 1B,
which are 95% homologous, and 2 and 2B, which are also very similar to
each other (90% homology) and 70% homologous with Rapl1A. Rap1A was
independently cloned by several groups (73, 76, 77) and is also known as
Krev-1 (78) and smg p21 (79).

The second group of LMWGs is the Rho family, which currently con-
sists of seven mammalian members: RhoA-C (80), Racl and 2 (81), and
G25K 1 and 2 (82, 83). These proteins have approximately 30% homology
with Ha-Ras, mostly confined to regions involved in the binding of gua-
nine nucleotides. The Rho, and possibly also the Rac, proteins are char-
acterized by their ability to be ADP-ribosylated by Clostridium botulinum
exoenzyme C; (81, 84, 85). The site of ADP ribosylation (Asp-41) is in an
equivalent position in Rho as the Arg-201 of Gas that is ADP-ribosylated
by cholera toxin (85). However, although cholera toxin activates Gag
by inhibiting its GTPase activity, ADP ribosylation of Rho does not
have such an effect (84). Microinjection of cells with C. botulinum exo-
enzyme C; or with a mutant Rho protein affected their morphology and
induced the dissolution of actin filaments (86, 87). This suggests that Rho
proteins play some role in cytoskeletal organization. Interestingly, ex-
pression of the Rac2 protein is restricted to cells of hematopoietic origin
(81, 88).

The third group of LMWGs includes the Rab proteins. These proteins
share homology with Yptl, a yeast protein that has been implicated in
vesicular trafficking (89). Recent studies in mammalian cells suggest that
the Rabs play similar roles in both endocytic and exocytic pathways (re-
viewed in Ref. 90). Twelve Rab clones have been reported so far (91);
however, at least as many additional sequences have been identified,
suggesting that the roles of these proteins may be more diverse. The key
structural features of the Rab proteins are the absence of a glycine residue
at the equivalent of position 12 in Ras and the possession of a Cys-Cys or
Cys—X-Cys C-terminal sequence.

The ARF (ADP ribosylation factor) and related GTP binding proteins
may be considered as a fourth family in the LMWG grouping. These
proteins differ somewhat from the Ras, Rho, and Rab proteins in terms of
their overall sequence homology, their lack of a C-terminal cysteine (and
thus isoprenylation), and their myristoylation at a glycine residue at po-
sition 2. The ARF proteins have been shown to be necessary components
of the Golgi apparatus intracellular protein transport pathway (180).
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LMWG Structure-Function Relationship
Guanine Nucleotide Binding Site

Four principal domains of homology exist between all G proteins that are
colinear within each primary sequence (regions A, C, D, and E in Fig. 2).
Indeed, based on the X-ray crystallographic data available for Ras and
EF-Tu and the predicted tertiary structures of Ga's, it is likely that all G
proteins are folded in a similar fashion (92, 93). The generation of struc-
tural mutants of Ras suggested that these regions are important for the
binding and hydrolysis of GTP. Now that the three-dimensional structure
of Ras has been determined, it has been confirmed that the NKXD (cor-
responding to residues 116-119 of Ras) and SAK (146-148) sequences are
involved in binding the guanine ring and that GXGXXGKS (10-17) and
DTAGQE (59-61) are involved in binding and hydrolyzing, respectively,
the y-phosphate of GTP (92, 94) (see Fig. 2). X-Ray crystallographic data
show that the highly conserved residue Thr-35 also interacts with the
guanine nucleotide (94). Three-dimensional studies have revealed two key
areas of Ras that occupy different conformations in the GTP- and GDP-
bound states. These are located between residues 30-38 and 60-76 (92, 95)
and are discussed in relation to interaction with regulatory and effector
molecules in the following sections.

Regulation of GTP Hydrolysis

The intrinsic GTPase activity of the LMWGs (~0.01 min! is generally much
slower than that of oligomeric G proteins. However, in 1987 a GTPase-
activating protein (GAP) was identified that stimulates the GTPase activity
of Ras some 200-fold (96). GAPs have since been identified for the Rho (97)
and Rapl families (98, 99) and Rab3A (smg p25A) (100). The NF-1 gene
product, responsible for the genetic disorder neurofibromatosis, has also
been identified as a Ras GAP (101).

Point mutations between residues 32 and 40 of Ras were found to block
the ability of GAP to stimulate and, in some cases, even interact with Ras
(102-104). These same mutants had previously been shown to block the
transforming activity of Ras, leading to speculation that the 3240 region is
the site of interaction of Ras with an effector molecule (105, 106). This im-
plies that GAP functions as a mediator of Ras action and as its terminator.
In support of the role of GAP as a negative regulator/off switch for Ras,
overexpression of GAP in fibroblasts has been shown to attenuate Ras-in-
duced transformation (107). Further, inhibition of GAP activity through a
protein kinase C-mediated pathway apparently results in Ras activation in
T lymphocytes (108). The likelihood that GAP is also the effector of Ras
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action is nonetheless supported by several pieces of evidence: (1) Onco-
genic forms of Ras, whose GTPase activity is not stimulated by GAP, still
bind tightly to it (103). (2) Microinjection of a mutant yeast Ras, which has
high affinity for GAP but cannot localize to the plasma membrane, into
frog oocytes prevented ras-induced germinal vesicle breakdown. This ef-
fect could be overcome by addition of exogenous GAP (109). (3) Recombi-
nant GAP blocks the carbachol-stimulated opening of K*channels on
patch-clamped atrial cell membranes (69). This effect of GAP only occurred
in the presence of RasGTP, suggesting that a RasGTP-GAP complex sends
a transient signal prior to self-termination. Interestingly, a region of Gas
showing sequence homology with the effector domain of Ras is closely fol-
lowed by sequence similar to part of the catalytic domain of GAP (110).
Thus, the higher intrinsic GTPase activity of oligomeric versus LMWG pro-
teins may be due to the built-up GAP region of the former proteins.

The site(s) of interaction of GAPs with other LMWGs has yet to be
determined. However, RaplA, which has sequence identity with Ras be-
tween residues 32 and 44, interacts with rasGAP. RapGTP has a con-
siderably higher affinity for rasGAP than Ras (111, 112), although the
GTPase activity of wild-type Rap is not stimulated by rasGAP (76, 112).
Regions flanking the effector sequence have been reported to dictate the
GAP specificity of these two LMWGs (113); however, a Thr-61-GIn Rapl
mutant is partially responsive to rasGAP (unpublished observations; 112,
114), suggesting that the Thr-61 residue of Rap1 is also critical in dictating
GAP specificity. RaplA has been shown to reverse the phenotype char-
acteristic of Ras-transformed murine fibroblasts (78). Also, RaplB was
recently shown to block Ras-induced germinal vesicle breakdown of frog
oocytes (115). The basis for this function is anticipated to be the antag-
onism of Ras action by interaction with rasGAP. In support of this notion,
we have recently demonstrated that Rapl A-GTPyS, but not a Thr-35-Ala
RaplA mutant, will prevent rasGAP from blocking atrial K* channel open-
ing. This effect of RaplA can be overcome by adding more Ras or rasGAP
to the system (116). A recent report suggests that the yeast YptGAP is also
an intracellular target of the Rab-related Yptl protein and that it interacts
with a region equivalent to the Ras effector domain (117). This is consistent
with data showing that peptides representing the effector domain of Rab
block its ability to transport proteins from the endoplasmic reticulum to
the Golgi apparatus (118).

Regulation of Nucleotide Exchange

The Ras-neutralizing monoclonal antibody Y13-259 has been shown to
bind to a region of Ras between residues 63 and 73 (105, 119). While
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Y13-259 does not prevent binding of nucleotide, it inhibits the exchange
between bound nucleotide and that in solution (120, 121). This finding,
along with the significant change in conformation of this region between
the GTP- and GDP-bound forms of the protein (92), has led to speculation
that this is the site of regulation by a guanine nucleotide exchange factor.
This region of Ras is dispensable for transformation (122), consistent with
its playing a role in signal input, rather than effector function. Exchange
factors [or, perhaps more correctly, guanine nucleotide dissociation stim-
ulators (GDSs) that promote the release of GDP so that the more abun-
dant cytosolic GTP can bind] have been partially purified for Ras (123-
125). Activation of Ras in T cells has been reported to occur through
inhibition of GAP activity, the GDSs apparently being constitutively ac-
tive (108). Thus, caution should be taken in drawing analogy between the
roles of LMWG GDSs and G protein-coupled receptors in the activation
of LMWGs. However, the Saccharomyces cerevisize Ras GDS [the CDC25
gene product (126)] is under regulation and the C-terminal (catalytic)
domain of the related SDC25 stimulates the formation of RasGTP when
introduced into mammalian cells (127). This supports the notion that a
GDS can activate Ras and that at least the yeast GDS homologs are not
constitutively active, but rather have regulatory domains. A cytosolic
GDS has also been identified for Rapl (128) as well as GDIs (nucleotide
dissociation inhibitors) for Rho (129) and Rab3A [smg p25a (130)]. The
Rho and Rab GDIs have been cloned (131, 132) and bear weak homology
with CDC25.

The amount of mammalian GDS or GDI required to modulate nucleo-
tide exchange in vitro is very high compared to the catalytic amount of
GAP needed to stimulate GTP hydrolysis (128, 130). This may be due to the
loss of a regulatory element upon purification. Several recent reports by
Takai and colleagues have demonstrated that both GDIs and GDSs pro-
mote the translocation of LMWGs from the membrane (133-135) and, at
least in the case of Rap1, stoichiometric amounts of GDS are required (133).
The requirement for stoichiometric amounts of Rab proteins and nucleo-
tide dissociation regulators to promote membrane translocation and/or
nucleotide exchange would be compatible with the apparent role of Rabs
in directing vesicular traffic (90, 136). Being converted to the GTP-bound
form when leaving, for example, an acceptor vesicle membrane or being
maintained in a GDP-bound state by interaction with a GDI until back on
a donor membrane might drive the system unidirectionally. The integrity
of the LMWG C terminus is essential for the action of nucleotide dissocia-
tion regulators (135, 137), suggesting that this region might be a point of
interaction between the two molecules. Since the C terminus is involved in
the membrane localization of LMWGs (see the following section), this
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observation might explain how GDSs and GDIs promote translocation
from the plasma membrane.

Posttranslational Modification

C-Terminal Processing. A feature common to Ras, Rho, and some Rab
family members, in addition to several other mammalian proteins, includ-
ing the nuclear lamins and G proteins y subunits, is the C-terminal se-
quence CAAX (where C is cysteine, A is aliphatic, and X represents almost
any amino acid) (138). Mutation of this region, for example, by introducing
a Cys—Ser mutation in the Ras or Rap1A -CAAX, prevents a series of
posttranslational modifications and, subsequently, the membrane localiza-
tion and biology of the molecules (139, 140). The cysteine residue is the site
of prenylation by a 15-carbon farnesyl group from farnesyl pyrophosphate
in the case of Ras (141-143) (see Fig. 3), or the 20-carbon geranylgeranyl for
RaplA (140) (Figs. 3 and 4) and most other LMWGs, including Rap1B
(144), Racs (145), G25K (146), and Rho (147).

Prenylation is a signal for the proteolytic removal of the AAX residues,
exposing the free COOH group of the prenylated cysteine to a methyl-
transferase (148, 149; for reviews see Refs. 138 and 150). The y subunit of
retinal transducin is processed by farnesyl and methyl groups similarly to
Ras (151), whereas the other Gy''s are geranylgeranylated (152). The choice
of lipid is dictated by the individual AAX sequence (150, 153); however,
the physiological implication of a C15 versus C20 modification is currently
unclear. The C terminus of RaplA is able to support transformation by
H-ras in a Ras—Rap chimera (140). Thus, at least some geranylgeranylated
Ras must still find its way to the correct subcellular location (i.e., the
plasma membrane). It is now clear that separate enzymes are involved in
transferring C15 and C20 isoprene groups to LMWGs (147, 153, 154).
Further, a novel C20 prenyltransferase(s) is responsible for modifying the
C terminus of the Rab proteins that have Cys—Cys or Cys—X-Cys se-
quences (154).

Addition of a farnesyl group to the C terminus of Ras increases its
hydrophobicity such that it partitions into the detergent phase at a Triton
X-114/water interface (141). However, without subsequent truncation and
methylation of the protein, it will not bind efficiently to membranes (149).
Truncation presumably enables the prenyl group to more effectively in-
tegrate into the membrane, assisted by the reduction of charge by methyla-
tion. Although each of these processing events is essential, it is not
sufficient to promote the membrane localization of LMWGs. Ha-, Ki-
Ras4A-, and N-Ras (141) and, presumably, Rap2 (155) rely on the addi-
tional palmitoylation of upstream cysteine residues [182 and 184 in the
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FIGURE 3

C-Terminal processing pathways for Ha-Ras and RaplA. The first
step in the processing of CAAX-containing peptides is the
addition of farnesol in the case of Ras or geranylgeranyl for
RaplA and other LMWGs. Addition of this lipid moiety signals
proteolytic cleavage of the —AAX residues (step ii) and
methylation of the now C-terminal cysteine (step iii). These
processing events allow the subsequent palmitoylation of Ha-Ras
on upstream cysteine residue(s). Other LMWGs have positively
charged C-terminal sequences that assist in membrane association
(see text). RaplA is phosphorylated by cAMP-dependent protein
kinase (PK-A) on a serine residue adjacent to the processed
cysteine. Although a peptide representing the unprocessed RaplA
C terminus is a substrate for PK-A (169), we found that
unprocessed RaplA is not as readily phosphorylated as the
22-kDa isoprenylated protein (unpublished observations).
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Isoprenylation and processing of RaplA. Sf9 cells infected with
raplA-containing baculovirus were labeled with the isoprenoid
precursor mevalonic acid or with [¥S]methionine for 24 hr. Lanes
1 and 2 show the incorporation of [¥S]methionine into Sf9 cell
proteins in the absence (lane 1) or presence (lane 2) of compactin,
an inhibitor of endogenous mevalonate (and consequently)
isoprenoid biosynthesis. Both 23-kDa precursor and 22-kDa
mature protein are present in lane 1, but, in the presence of
compactin, the 23-kDa precursor form predominates. Lane 3
shows the incorporation of [*H]mevalonic acid into only the
22-kDa processed form of RaplA. Following immunoprecipitation
of RaplA and extraction of the lipid, it was found to represent a
20-carbon isoprenoid (see Ref. 140 for details).

FIGURE 4

case of Ha-Ras (141)]. Other proteins, including K-Ras4B and Rap1A, have
a high density of basic, mostly lysine, residues close to their C termini (see
Fig. 3). These apparently promote membrane localization in place of pal-
mitate, through ionic interaction with negatively charged phospholipids

(143, 156).

The Gy subunits do not have upstream cysteine or polylysine regions
(Gy C termini have a net charge of +2 compared with +6 for Ki-Ras4B and
RaplA). Therefore, it is not clear how the By dimer associates with the
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plasma membrane. Since the yeast a mating factor, processed similarly to
Ras, has a cell surface receptor [homologous with G protein-coupled re-
ceptors (157)], there is speculation that a similar entity might exist for Ras
on the inner surface of the plasma membrane. The requirement for hydro-
phobic palmitate or the highly charged polylysine, which could bind neg-
atively charged phospholipids (e.g., polyphosphoinositides), for mem-
brane binding suggests that receptors may not be necessary. However,
the demonstration of receptors for the myristoylated protein p60* (158)
and the effect of the Ki-Ras4B C terminus on the activity of several key
membrane-bound enzymes (159) suggest that this possibility should not
be ruled out.

Carboxyl methylation of unidentified LMWGs in macrophage mem-
branes has been reported to be sensitive to guanine nucleotides (160). This
phenomenon has been shown for both Rap1A (unpublished observations)
and 1B (161). Since methylation is necessary for efficient membrane local-
ization of Ras, the nucleotide-bound state of Rapl might affect its sub-
cellular localization.

Phosphorylation. Several of the LMWGs have been reported to serve as
substrates for protein kinases, both in vitro and in vivo. Rap1A and 1B are
stoichiometrically phosphorylated by cAMP-dependent protein kinase
(162-164), and increased phosphorylation of Rap1B has been demon-
strated in platelets upon elevation of cAMP (162, 164). We have similarly
shown that Rap1A can be phosphorylated in permeabilized neutrophils by
addition of cAMP (165), and recombinant RaplA is phosphorylated in
response to forskolin when expressed in murine fibroblasts (unpublished
observations). A protein recognized by Rapl-specific antisera (thought to
be Rap1A) is phosphorylated in response to the treatment of HL-60 cells
with isoproterenol or prostaglandin E, (165). Phosphorylation of Rap1B
has been reported to induce its translocation from the plasma membrane
to the cytosol (164). In contrast, Rap1B moves to the platelet cytoskeleton
in response to treatment with thrombin or the calcium ionophore, A23187
(166). Rap1B is also phosphorylated in vitro by the neuronal Ca?*/calmod-
ulin-dependent protein kinase (167). Phosphorylation of Rap1B has been
reported to increase its sensitivity to GDS activity (168). However, the
physiological significance of these events is as yet unclear.

We have determined the site of phosphorylation of Rap1A to be Ser-180
(165). This residue is adjacent to the geranylgeranylated Cys-181 (see Fig.
3). The negative phosphate might prevent efficient intercalation of the
isoprenoid group into the membrane (similarly to an unmethylated
COO- terminus) or disrupt the ionic interaction between polylysines and
phospholipids/receptor protein. A serine two residues upstream of Cys-
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181 is also the site of phosphorylation of Rap1B (168, 169). The Rab2 and
4 proteins were recently reported to serve as substrates for the cell cycle
kinase, p344 (170). The consensus sequence for this kinase is also close to
the C terminus. Although Ki-Ras4B was phosphorylated with low stoi-
chiometry in vitro (171), it was reported to be a substrate for protein kinase
C in vivo (172). Since this effect was not seen with the alternately spliced
Ki-Ras4A, Ser-181 and -171, four and 15 residues upstream of the CAAX,
are the likely sites of phosphorylation. Other LMWGs including RhoA,
Ral, and Rab8 are potential substrates for kinases due to having phos-
phorylation consensus sequences in their basic C termini. Also, G25K has
been shown to be phosphorylated on a tyrosine residue(s) by the epider-
mal growth factor receptor (173).

Whether the role of phosphorylation is to modulate processing, neu-
tralize the basic domain required for membrane binding, or regulate in-
teraction with GDSs, GDIs, or other molecules remains to be determined.

LMWGs in Neutrophils

Considering the proposed roles of LMWGs in cellular signaling, vesicular
transport, and cytoskeletal organization, one might expect these proteins
to be abundant in phagocytic cells. We have purified several LMWGs from
human neutrophil membranes, including RaplA and two unidentified
proteins termed G24K and G26K (163, 174, 175). An additional membrane-
bound LMWG that comigrates with Rapl A on polyacrylamide gels and is
ADP-ribosylated by C. botulinum exoenzyme C, has been partially purified
and is possibly a form of Rac or Rho (81, 85, 175). Another C; substrate has
also been isolated from neutrophil cytosol that contains a sequence iden-
tical to RhoA (unpublished observations). A role for a G protein in the
assembly of actin microfilaments in neutrophils has been suggested by
work from several laboratories (176-179). These studies demonstrated that
GTP and nonhydrolyzable GTP analogs could induce actin polymeriza-
tion in permeabilized cells. This effect was blocked by GDPBS and was
insensitive to pertussis and cholera toxins. Further, stimulation of actin
assembly was not dependent on phospholipase C activation. Sarndahl et al.
(176) have also provided evidence that the association of N-formyl pep-
tide—chemoattractant receptor complexes with the Triton X-100-insoluble
cytoskeleton might be regulated by a pertussis toxin-insensitive G protein.
While it has not been shown that the GTP-binding component in these
phenomena is an LMWG, the recently demonstrated effects of Rho activa-
tion and C. botulinum exoenzyme C, on actin assembly (86, 87) and the
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association of Rap1B with the cytoskeleton in platelets upon stimulation by
thrombin (166) are suggestive in this regard.

Several other LMWGs have been demonstrated in neutrophils by
[**P]GTP-blotting and immunoblotting, purification, and cloning. For ex-
ample, we have identified ADP ribosylation factor (ARF), a GTP-binding
protein required for cholera toxin-catalyzed ADP ribosylation of Ggand
recently associated with the Golgi apparatus (180), by blotting neutrophil
fractions with ARF antisera (unpublished observations). A ral clone was
isolated from a cDNA library from differentiated HL-60 cells (181) and
might represent G26K. Using specific antisera, the abundance of Rabs 1, 2,
4, and 6 has been shown to increase upon differentiation of U937 and
HL-60 cells along the myeloid pathway (182). These proteins were located
mostly in membrane fractions, partially in the cytosol, but not, as might
have been expected, in the phagocytic (azurophil or specific) granules.
Approximately 15 neutrophil LMWGs were indicated in a recent study by
Phillips et al. (183). Although few were identified, subcellular fractionation
demonstrated several potentially novel LMWGs in phagocytic granules.
However, some caution must be taken when considering the subcellular
distribution of LMWGs. For example, different patterns of C. botulinum
exoenzyme C; substrates have been found by us and by Phillips et al. (183).
These differences may be attributable to the method of cell lysis or the
degree of priming of the neutrophils upon isolation.

An as yet unidentified G protein, G, has been described by Gomperts,
Cockcroft, and colleagues (184-186) in neutrophils and other cells. Their
data clearly indicate that a GTP-dependent process, separate from that
required for signal transduction, is involved in mediating stimulated se-
cretion. GTP and its analogs stimulate secretion in permeabilized cells
without elevation of the intracellular Ca?* concentration and can enhance
the responses to various secretagogues at low Ca?* levels (186, 187). On-
cogenic forms of Ras cause membrane ruffling and pinocytosis shortly
after microinjection into fibroblasts and, when injected into mast cells,
promote exocytic degranulation (188). These observations support the no-
tion that Ras-related LMWGs are involved in exocytosis. This would be
consistent with the apparently extensive role of Rab proteins in vesicular
trafficking (90).

The HL-60 premyeloid leukemia cell line has been shown to have an
activated ras gene; however, the level of Ras expression in HL-60 cells and
human neutrophils is considerably lower than that of the other LMWGs
that we have identified. This raises the question as to the role of Rap1A in
these cells. If its role is to counteract or regulate Ras action, why is it
expressed in such high abundance [0.2% of membrane protein (163, 165)]
in a terminally differentiated cell containing little Ras? The abundance of
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the closely related RaplB in platelets suggests that these proteins have
specific functions in cells of hematopoietic origin. A possible role for
RaplA in neutrophils is discussed in the following sections.

G Protein Regulation of Oxidant
Production in Neutrophils

Evidence for the Involvement of G Proteins in
Oxidant Production

The activation of neutrophil oxidant formation via chemoattractant recep-
tor-mediated mechanisms appears to involve G proteins at two levels. It is
clear that chemoattractant receptor signaling involves a pertussis toxin-
sensitive G protein which couples to the receptor and mediates activation
of phospholipase C and, potentially, other phospholipases (see Refs. 28
and 31). The formation of intracellular mediators via these effector en-
zymes results in activation of the NADPH oxidase system by still
undefined mechanisms. The stimulation of superoxide formation via che-
moattractant receptors can thus be inhibited at the level of the receptor-
generated signal by pertussis toxin-catalyzed ADP ribosylation of G,.

It has become increasingly evident, however, that a G protein may be
involved in regulating the NADPH oxidase at a level downstream of the
receptor-initiated pathway. Using cell-free systems in which oxidase ac-
tivity is stimulated by nonphysiological perturbants such as sodium do-
decyl sulfate or high concentrations of arachidonic acid, numerous in-
vestigators have described the ability of nonhydrolyzable guanine
nucleotides to enhance the activity of the NADPH oxidase (189-191).
Complementing the observed stimulatory effects of guanine nucleotide
triphosphate analogs, guanine nucleotide diphosphates (GDP and GDPgS)
were found to inhibit oxidase activation in the cell-free system. The stim-
ulatory effects of guanine nucleotides on NADPH oxidase activation have
been reported in various permeabilized neutrophil preparations as well
(192).

While these studies have implicated a guanine nucleotide-binding pro-
tein in the modulation of superoxide formation, they do not indicate a
critical role for such a protein in this process. Since all of the cell-free
systems utilized in the aforementioned studies require the addition of
cytosol in order for activity to be observed, it seems obvious (at least in
retrospect) that endogenous GTP would already be present in the assay
system. In the one study in which pains were taken to remove cytosolic
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GTP prior to testing (193), it was shown that there is actually an absolute
requirement for GTP in order for activation of the NADPH oxidase to
occur. These data strongly indicate that a GTP-binding component is an
integral part of the NADPH oxidase system, and must be present in an
activated (i.e, GTP-bound) form in order for superoxide formation to
occur.

Studies with cell-free oxidase systems have demonstrated the require-
ment for both cytosolic and membrane-associated factors (194). Where is
the subcellular location at which GTP acts? Several studies have suggested
that this component might be membrane associated. Ligeti ef al. (195)
observed enhanced oxidase activation upon preincubation of membrane
with GTPYyS versus preincubation of cytosol with GTPyS. Similarly,
Bolscher et al. (196) observed GTPyS effects predominantly at the mem-
brane level, albeit in the presence of a cytosolic protein factor. However,
these studies are also consistent with the functional effect of the relevant
G protein being mediated at the level of the membrane. The majority of the
studies which have attempted to localize the site of the GTPyS-binding
component by GTPyS pretreatment of the relevant fractions have indicated
that it resides in the cytosol. Indeed, several cytosolic factors have been
implicated as the potential GTP-binding candidate, including the Soc I,
NCF-3, and o1 factors (196, 197). A definitive answer to this question will
require purification and characterization of a G protein(s) which can be
shown to be a required component in the oxidase system.

Gabig et al. (189) initially suggested that the action of GTPYS to stimulate
the NADPH oxidase system was mediated via a pertussis toxin-insensitive
G protein. As we have pointed out previously (28), such data are not
particularly convincing, since GTPyS-mediated G protein activation is
largely unaffected by pertussis toxin-catalyzed ADP ribosylation. Addi-
tionally, we have demonstrated the existence of cytosolic Go, subunits
which are not associated with By subunits, rendering them insensitive to
the action of pertussis toxin, which acts on the heteromeric (afy) complex
(44). The demonstrated existence in myeloid cells of (heterotrimeric) G
protein a subunits which lack pertussis toxin ADP ribosylation sites (61)
also complicates the situation.

Are there any data at this point which indicate that the relevant oxidase-
associated G protein is an LMWG, rather than a heteromeric G protein?
One indication that this is the case comes from work by Gabig et al. (198).
In this study they showed that preincubation of a cytosolic fraction with
GTPyS under conditions of low Mg?* concentration allowed effective acti-
vation of the putative oxidase-associated G protein to occur. Such an effect
would be consistent with the properties of the Ras-like LMWGs which
readily exchange guanine nucleotides at low Mg?* concentrations (163). A
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second indication that an LMWG might be involved comes from recent
data obtained in our laboratory which show that it is possible to block
activation of the NADPH oxidase by treating HL-60 cells with compactin
(215). Compactin blocks the posttranslational prenylation of LMWGs by
inhibiting the enzyme HMG-CoA reductase, thereby blocking mevalonate
and subsequent isoprenoid syntheses. We find that treating HL-60 cells
differentiated with dimethyl sulfoxide with concentrations of compactin
(0.4-10 uM) that can be shown to inhibit the prenylation of endogenous
Rap1 protein totally blocks the ability of the cells to generate superoxide
anion in response to either f-Met-Leu-Phe or phorbol myristate acetate.
The cells are still viable and differentiate “normally” in terms of their
ability to express the N-formyl peptide receptor. These data are supportive
of a role of LMWGs in the process of NADPH oxidase activation.

RaplA binds to the Cytochrome bs; Component
of the NADPH Oxidase System

Currently, the RaplA protein of human neutrophils is a candidate for
being an LMWG which might regulate the NADPH oxidase system. The
initial indication for this came when Quinn et al. (77) observed the coisola-
tion during conventional purification of the cytochrome b of a 22-kDa
protein (distinct from the cytochrome b o subunit) which had an amino-
terminal amino acid sequence identical to that of Rap1. Evidence that this
was not merely a coincident purification (since separation did occur at the
final sucrose gradient step) was provided by their observation that a
similar 22-kDa protein present in partially purified cytochrome b prepara-
tions would bind to anticytochrome 91-kDa or 22-kDa subunit-antibody
beads. These data suggested that a Rapl-like protein could interact with
the cytochrome. However, since other proteins can be shown to be present
in these partially purified cytochrome b preparations (199), a direct inter-
action with the cytochrome b itself could not be concluded.

Our laboratory, in conjunction with M. T. Quinn and A. J. Jesaitis, has
recently investigated the ability of highly purified preparations of Rap1A
and cytochrome b, to form complexes in vitro (200). As shown in Fig. 5,
we are able to observe the formation of a complex between GTPyS-bound
RaplA and cytochrome b, as assessed by a shift in the apparent size of the
[3S]GTPyS-labeled RaplA upon gel filtration analysis (Fig. 5). Several
controls indicate that this is a Rap-specific interaction, including the in-
ability of GTPyS-bound H-Ras to form such a complex and the requirement
for active (nondenatured) Rap1A for complexation to occur. Additionally,
GTPyS-bound Rap1A does not form a complex with G protein By subunits
under similar conditions. The latter data indicate that this interaction is not
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[**S]GTPyS binding (@) or Cytochrome b ¢, in AU (0)
o

Fraction Number
FIGURE 5

Physical association between RaplA and cytochrome bssg. The
ability of Rap1A protein to form an in vitro complex with
cytochrome b was analyzed by gel filtration. (A) Cytochrome b (O)
and [*S]GTPyS-bound RaplA (@) migrate as distinct molecular
species when chromatographed separately. After preincubation
together, the RaplA [*3S]GTPYS associates with and coelutes with
cytochrome b. Arrows indicate the positions at which the markers
B-galactosidase (B-gal), malate dehydrogenase (MDH), horseradish
peroxidase (HPO), and cytochrome C (Cyto) elute. AU, arbitrary
units. Further details can be obtained in Ref. 200.

a nonspecific association of RaplA with hydrophobic membrane-asso-
ciated proteins.

Is RaplA the “Oxidase Regulatory Protein”
Involved in the Stimulatory Effects of Guanine
Nucleotide?

While it seems clear that RaplA can interact with the cytochrome b, the
significance of this interaction is not yet clear is in terms of NADPH
oxidase activation. We have as yet observed no ability of Rap1A protein to
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modulate the activity of the cell-free NADPH oxidase system (unpub-
lished observations). We also find Rap1A to be totally absent (at our levels
of detectability) from neutrophil cytosol, using a variety of Rapl-specific
antisera generated in our laboratory (165). This absence from cytosol
would seem to preclude RaplA from being the protein responsible for
GTPyS effects on the oxidase, which appear to be resident in the cytosol,
as discussed earlier.

On the other hand, a role for RaplA in regulating the oxidase is attrac-
tive because of the ability of RaplA to serve as a substrate for cAMP-
dependent protein kinase (163, 165). Agents that elevate neutrophil cAMP
have long been known to inhibit neutrophil activation by chemoattractants
(201, 202) and the generation of superoxide anion is one of the cellular
responses most sensitive to this inhibitory pathway (27, 203). Could the
phosphorylation of RaplA mediate the inhibitory effect of cAMP on the
oxidase system?

It is apparent that much additional study is required to define the role(s)
of RaplA in the oxidase system and whether other G proteins may be
involved as well. At this stage, however, RaplA is a clear frontrunner as
a modulatory of guanine nucleotide regulatory effects on the NADPH
oxidase system. [Our laboratory has recently succeeded in purifying a
low-molecular-weight GTP binding protein from human neutrophil cyto-
sol which exhibits stimulatory regulatory activity in the cell-free NADPH
oxidase system. This protein has been identified as Rac2 (216)].

Models for Rap1A Action

At this point of little certain knowledge, it is possible to speculate about a
number of potential roles for RaplA, or another G protein, in the oxidase
system. Four such possibilities, each not mutually exclusive, are discussed
briefly here.

Rap1lA Regulates the Binding of Cytochrome b to
Other Oxidase Proteins

In this scenario RaplA is proposed to modulate the ability of cytochrome
b to couple effectively with other oxidase components, particularly the p47
and flavin protein, which are likely to interact directly with the cyto-
chrome. Translocation of p47 to the plasma membrane has been shown to
be defective in chronic granulomatous disease patients lacking cytochrome
b, suggesting that it may be involved in p47 binding to the membrane (204,
205). Rap1A might regulate the conformation of the cytochrome, enabling
it to effectively bind p47, or could directly mediate an interaction of the
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cytochrome with the p47. This activity of RaplA could presumably be
regulated by its GTP/GDP state. Similar mechanisms could be operative
to regulate interaction and/or electron transfer between the cytochrome
and the flavin-containing protein suggested to be a part of the oxidase
system (206). Such a role for Rap1A would be consistent with the known
functions of G proteins in general; namely, that they mediate the reversible
interaction of macromolecules and regulate this interaction by their own
state of occupation by GTP versus GDP.

Rap1A Directs Vectoral Trafficking of Cytochrome
b-Containing Granules to Relevant Plasma
Membrane Sites

RaplA has been reported to be present in neutrophil granule fractions
(183, 207), as is the majority of cytochrome b, in resting cells (208, 209).
Indeed, the two proteins appear to colocalize to the same pool of granules
(199). It is possible that RaplA could direct the specific translocation of
cytochrome b in such vesicles to the plasma membrane, where they could
become available for NADPH oxidase activity. Such a model for Rap1A
action could explain its association with cytochrome b5 upon purification
from stimulated cells, and would be consistent with the action of the Rab
LMWGs to perform a similar function in the various steps of intracellular
protein trafficking.

RaplA Mediates Interaction of Oxidase Components
with the Cell Cytoskeleton

This model places RaplA in the role of an indirect modulator of the
oxidase system by mediating interactions of oxidase components with
cytoskeletal elements associated with the plasma membrane. A role of the
membrane cytoskeleton is the regulation of oxidase in an as yet undefined
fashion is indicated by a significant amount of data. Cytoskeletal interac-
tions inhibitable by dihydrocytochalasin B may down-regulate the oxida-
tive burst and could be involved in terminating activation by chemoat-
tractants (210). Jesaitis and co-workers (210, 211) provided evidence for the
organization of oxidase components into a plasma membrane domain
associated with, and perhaps regulated by, cytoskeletal proteins. More
recently, p47 was reputed to translocate to the plasma membrane via a
cytoskeletal “intermediate” (212). Moreover, the src homology (SH3) re-
gions found in p47 and p67 are present in several cytoskeletal binding
proteins (213). Thus, the interaction with the membrane cytoskeleton may
be an important means of regulating either activation or termination of the
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system. Several pieces of apocryphal information indicate that RaplA
could play a role in such interactions. In human platelets RaplB was
reported to become associated with the Triton X-100-insoluble cytoske-
leton upon cell activation by thrombin (166). Additionally, a Rap1l homo-
log in the yeast S. cerevisige, referred to as RSR1, has been implicated in
regulating cytoskeleton-dependent processes such as budding (214).

RaplA Is an Inhibitory Regulator of the NADPH
Oxidase

This model basically suggests that RaplA does not function in a stimu-
latory capacity in the NADPH oxidase system, but may serve as a means
by which the system is inhibited. For example, RaplA may occupy the
normal p47 binding site on the cytochrome, preventing it from binding
under “unstimulated” conditions. Some regulatory event initiated by stim-
uli which turn on the oxidase would cause RaplA to dissociate from the
cytochrome, freeing it for binding p47. Another scenario would envision
that it is only when Rap1A is phosphorylated that it produces its inhibitory
effect on the oxidase. Presumably, this inhibitory effect would be mediated
at the level of the cytochrome b.

Variations and modifications of each of these scenarios are readily
constructed at this point. Future studies in our laboratory (as well as those
of other laboratories in this field, we are sure) will be directed at defining
the role of RaplA, and potentially other G proteins, in regulating compo-
nents of the NADPH oxidase system.

Summary and Conclusions

The role of oligomeric G proteins in signal transduction in neutrophils has
been well established, and recent work has demonstrated that they are
physically coupled to their cognate receptors. With the recent cloning of
these chemoattractant receptors, it should soon be possible to gain a better
understanding of the specificity of receptor-G protein interactions by
coexpression and reconstitution. Also, the role of pertussis toxin-insensi-
tive G proteins can be addressed. The more recently identified LMWGs
have already been implicated in the regulation of a wide variety of normal
cellular processes. These include protein trafficking and processing, cyto-
skeletal assembly, ion fluxes, secretion, growth, and differentiation. Thus,
it is perhaps no great surprise that neutrophils reflect this variety of cel-
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lular functions in their content of LMWGs. Several of these proteins may
exist as remnants of cellular functions necessary during the growth and
differentiation of premyeloid cells. However, it is likely that at least some
of these proteins are involved in regulating the highly specialized func-
tions of the mature phagocyte. It remains for neutrophil biologists to define
these LMWGs involved in the specific functions of neutrophils which
relate to their primary role as professional phagocytes. The mechanisms by
which these LMWGs will act to regulate such functions as chemotaxis,
aggregation, superoxide generation, and granule secretion also need to be
elucidated. Additionally, we need to determine whether the LMWGs are
mediators, or perhaps regulators, of the signals generated via the receptor-
associated oligomeric G proteins, or whether they transduce separate
novel signals. Finally, the complexities resulting from the regulation of the
low-molecular-weight GTPases by extrinsic protein factors and/or lipids
will require the application of novel approaches to the study of neutrophil
biology.
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In response to the binding of various ligands to their cell surface receptors,
it is well documented that phosphoinositide (PI)-specific phospholipase C
(PLC) catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP,) and generates two second messenger molecules, inositol 1,4,5-tris-
phosphate (IP;) and diacylglycerol. The transmembrane signaling events
that underlie the coupling of receptor occupancy to PLC activation is,
however, not clearly understood. Evidence accumulated over the past
several years suggests that there are multiple forms of PLC in eukaryotic
cells and that there are several distinct mechanisms by which the various
PLC isoforms are activated. The stimulation of specific receptors appears
to result in the activation of specific PLC isozymes.

Activation of PLC by G Protein-Dependent
and -Independent Pathways

The results of numerous studies have implicated a mediatory, and man-
datory, role of GTP-binding proteins in transduction of the signal from
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receptor to PLC. Therefore, by analogy with the well-characterized recep-
tor-linked adenylate cyclase and retinal cGMP phosphodiesterase systems,
heterotrimeric G proteins have been suggested to play the role of trans-
ducer. However, several studies have also suggested that receptor signals
can be transduced to PLC independently of G proteins.

On the basis of their predicted amino acid sequences, most receptors can
easily be categorized into one of a few superfamilies, such as growth factor
receptors and G protein-coupled receptors. Receptors for platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), and fibroblast
growth factor (FGF) differ from other hormone receptors that stimulate PI
hydrolysis in that they possess intrinsic tyrosine-specific protein kinase
activity (1, 2). Furthermore, these growth factor receptors share little or no
amino acid sequence similarity or predicted structural similarity with the
superfamily of G protein-coupled receptors (3). The mode of PLC activa-
tion initiated by PDGF and EGF appears to be different from that initiated
by G protein-coupled receptors (3—9). The observed differences include the
absence or presence of a lag period between receptor stimulation and
PIP, hydrolysis, the effects of prior treatment of cells with phorbol 12-
myristate 13-acetate (PMA), and, most importantly, GTP or GTP analogs.

PDGF, vasopressin, and bombesin are potent mitogens for Swiss 3T3
cells, the rat fibroblast cell line WFB, and various other cells. Binding of
these mitogens to cell surface receptors elicits the hydrolysis of PIP,, which
leads to rapid intracellular responses that include an increase in cytosolic
free Ca?* concentration ([Ca**];) and activation of protein kinase C (PKC).
On stimulation of WEB cells by PDGEF, there is a lag period of approxi-
mately 10 sec before an increase in [Ca*']; is observed, but no measurable
lag period is observed for the Ca® response induced by vasopressin or
bombesin (5). Pretreatment of WEFB cells with PMA profoundly inhibits
inositol phosphate formation evoked by vasopressin and bombesin, but
enhances to some extent inositol phosphate formation induced by PDGF
(5)- In membranes prepared from WEFB cells or in WEB cells made perme-
able to nucleotides, GTP or the nonhydrolyzable analog GTPyS markedly
enhances the vasopressin- and bombesin-stimulated PI hydrolysis, but has
no effect on PDGF-stimulated PI hydrolysis (5). Similar experiments with
permeabilized Swiss 3T3 cells (4) have indicated that GTPyS potentiates
the coupling of bombesin receptors to PLC, whereas the activation of PLC
by PDGF occurs in a manner that is unaffected by GTPyS.

In an extensive study with rat liver epithelial WB cells, Hepler et al. (8)
provided evidence that the EGF receptor and receptors for adrenaline,
angiotensin II, and [Arg®]vasopressin stimulate PIP, hydrolysis by inde-
pendent pathways. The time courses for accumulation of inositol phos-
phates in response to angiotensin 1l and EGF were markedly different.
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Whereas angiotensin II stimulated a rapid accumulation of inositol phos-
phates (maximal by 30 sec), increases in the levels of inositol phosphates
in response to EGF were measurable only after a 30-sec lag period; maxi-
mal levels were attained after 7-8 min. Under experimental conditions in
which agonist-induced desensitization no longer occurred in these cells,
the inositol phosphate responses to EGF and angiotensin II were additive,
whereas those to angiotensin II and [Arg?]vasopressin were not. In crude
WB cell lysates, angiotensin II, [Arg®]vasopressin, and adrenaline each
stimulated inositol phosphate formation in a guanine nucleotide-depen-
dent manner. In contrast, EGF failed to stimulate inositol phosphate for-
mation in WB cell lysates in the presence or absence of GTPyS, even though
EGF retained the capacity to bind to and stimulate tyrosine phosphoryla-
tion of its receptor.

The results obtained with WFB cells (5), Swiss 3T3 cells (4), and WB cells
(8) thus demonstrate that receptors for bombesin, adrenaline, angiotensin
II, and [Arg®]vasopressin are apparently coupled to activation of PLC by
G proteins. In contrast, G proteins do not appear to contribute to the
actions of EGF and PDGF receptors in these cells.

It should be noted, however, that EGF-stimulated inositol phosphate
accumulation in rat hepatocytes was shown to be abolished by pertussis
toxin treatment (7), suggesting the possible involvement of a G protein in
EGF receptor action in rat liver. Furthermore, in permeabilized vascular
smooth muscle cells, the ability of PDGF to stimulate inositol phosphate
formation was found to be synergistically increased by the presence of
GTPyS, although pertussis toxin did not inhibit PDGF-dependent PLC
activation (9). Therefore, it is possible that the mechanisms by which the
growth factor receptors stimulate PLC and the sensitivity of these mecha-
nisms to pertussis toxin might vary in different cell types.

Heterogeneity in the PI Response to
Specific Ligands

The Pl response to a specific ligand varies between tissues and cell types,
a finding that has been partly attributed to the molecular diversity of
receptors. Recently, molecular cloning and expression of individual mem-
bers of receptor families have accelerated our understanding of the roles
of receptors in mediating the responses to ligands in target cells. For
example, cDNAs and genes for five different muscarinic acetylcholine
receptors (m;—ms) have been cloned (10-12). The individual expression of
different cloned receptors in the same host cell has allowed the responses
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of the receptors to be examined in a controlled environment, and it has
become clear that differences in responses are due to the receptors. The my,
m;, and m; receptors transfected into mammalian cells have been shown to
stimulate PI hydrolysis and cAMP accumulation through a pertussis toxin-
insensitive G protein (13-16). These three receptor subtypes belong to the
M, pharmacological type, which is characterized by a high affinity for
pirenzepine, and are structurally more related to each other than they are
to the M, type, which includes the m, and m, receptors. The M, receptors
have low affinity for pirenzepine and are associated with inhibition of
adenylate cyclase (13, 17). The role of M, type receptors in PI signaling is
not clear. There are indications that the m, and m, receptors, when ex-
pressed at high levels in CHO and embryonic kidney cells, can couple
weakly to PI stimulation through pertussis toxin-sensitive G protein at
high doses of agonist (13, 17). However, expression and stimulation of
m, and m, receptors in NG108 and A9L cells have been shown to have no
detectable stimulatory effect on PI hydrolysis (15, 16). Furthermore, in rat
thyroid FRTLS5 cells, which contain an M, muscarinic receptor, the cho-
linergic agonist carbachol decreases both basal and adrenergic receptor-
dependent PI turnover (18). These results demonstrate that M, receptors of
the same type may be coupled to different second messenger systems in
different cells and tissues.

Cell type-dependent coupling to second messenger systems has also
been observed with dopamine receptors. There are two main types of
dopamine receptors (D, and D,) identified and several novel subtypes of
both D, and D, receptors have been identified (19). Stimulation of D; re-
ceptors causes activation of adenylyl cyclase and often stimulates PI turn-
over (19). The D, receptors are widely regarded as typical inhibitory re-
ceptors because they inhibit both adenylyl cyclase and PI turnover (19).
The mechanism of this latter effect is somewhat controversial: some stud-
ies have shown the Pl inhibition to be secondary to an effect on K* channel
activation (20), whereas others have suggested a direct inhibitory effect on
PLC (21). The D, receptor has been cloned and expressed in two different
cell lines, pituitary GH,C, cells and LtK- fibroblasts. The D, receptor in-
duced inhibition of adenylyl cyclase in both cells, but different responses
of PI turnover despite the similar levels of receptor expression. In
GH,C, cells, D, receptors failed to affect PI hydrolysis, whereas in
LtK- cells the D, receptors induced rapid stimulation of inositol phosphate
formation. Therefore, as with muscarinic M, receptors, the PI response to
the D, receptor appears to depend on the cell type on which the receptor
is expressed.

The simplest explanation for such heterogeneous responses is that the
postreceptor components—G proteins and PLC—required for PI signaling
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are differentially expressed in different cells. It is noteworthy that at least
two types of G proteins, pertussis toxin-sensitive and -insensitive forms,
participate in PI signaling and that, as discussed in the next section, a
number of PLC isoforms exist in mammalian tissues.

Multiple Forms of PLC

Pl-specific phospholipase C (PLC) is present in most mammalian cells, as
well as in plants and various microorganisms (22-24). A number of dis-
tinct PLC enzymes have been purified from a variety of mammalian tis-
sues (22), and several forms have been molecularly cloned and sequenced
(25-30). Comparison of their deduced amino acid sequences and immuno-
logical cross-reactivity indicates that mammalian PLCs can be divided into
three types—PLC-f, PLC-y, and PLC-6—each of which is a discrete gene
product (22). All three forms of PLC are single-polypeptide enzymes, with
molecular masses measured by SDS-PAGE of 150-154 kDa for PLC-$
(31-34), 145-148 kDa for PLC-y (31-33), and 85--88 kDa for PLC-6 (31-33).

All three enzymes have similar catalytic properties: they hydrolyze the
three common phosphoinositides, PI, PI-4P, and PI-4,5-P,, but not PI-3P,
P1-3,4-P,, or P1-3,4,5-P; (35, 36); and their catalytic activities are dependent
on the concentration of Ca?*. Nevertheless, a noticeable difference is appar-
ent in the capacities of these three enzymes to generate cyclic inositol
phosphates. Hydrolysis of PI, PI-4-P, and PI-4,5-P, by PLC enzymes yields
cyclic and noncyclic inositol phosphates (37). The ratio of cyclic to non-
cyclic products was shown to decrease in the order PLC-§ > PLC-$ >
PLC-y, when the hydrolysis of PI, PI-4-P, and PI-4,5-P, was measured
under different pH and Ca?* concentrations (38). For example, the average
value of 1,2-cyclic, 4,5-trisphosphate produced by PLC-8, PLC-§, and PLC-
y was 5.3, 3.7, and 0.6%, respectively, at pH 7.0 and a Ca?" concentration
below 500 uM. Recently. Majerus and colleagues (39) demonstrated that
cells with lower levels of cyclic inositol phosphates grow to a lower density
at confluence, suggesting that cyclic inositol phosphates play a role in the
control of cell proliferation. Thus, it is likely that activation of different PLC
isoforms can exert different effects on the long-term cell growth, even
when the initial concentrations of IP; and diacylglycerol generated by the
PLC enzymes are identical.

The PLC isoforms appear to respond differently to changes in the in-
tracellular level of cAMP (40). Evidence suggests that activation of cAMP-
dependent protein kinase (PKA) attenuates receptor-coupled PLC activity,
thus providing a mechanism for cross-talk between the PI signaling and
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cAMP signaling cascades. The possible targets of PKA action appear to
include PLC-y (40). Thus, in cells containing PLC-8, PLC-y, and PLC-$,
PKA has been shown to selectively phosphorylate PLC-y (40).

The three types of PLC enzymes are dissimilar not only in molecular
size but also in amino acid sequence. This lack of sequence similarity is
consistent with the absence of immunological cross-reactivity between the
three enzymes. When the sequences of PLC-B, PLC-y, and PLC-8 originally
isolated from rat and bovine brains are compared, despite a low overall
homology between the three enzymes, a significant sequence similarity is
apparent in two domains, one of about 150 amino acids and the other of
about 240 amino acids (41). The two domains, designated X and Y in
Fig.1, are about 60 and 40% identical, respectively, between the three PLCs
[the extent of the Y domain is greater than previously recognized (22)]. The
two X and Y domains might constitute, separately or jointly, an important
region responsible for catalytic properties, such as the specific recognition
of Ca?* and phosphoinositides or the hydrolysis of the phosphodiester
bond. Each of the three enzymes contains an amino terminal 300 amino
acid region which precedes the X domain. Sequence similarity in this
region is only 20%.

Bacterial Pl-specific PLC recognizes the inositol phosphate structure
present in PI, but does not hydrolyze the more highly phosphorylated

Bacillus
BLC 298

PLCG—— { X ¥+ 11216
SH2 SH2 SH3
PLCY, ——r- % 1289
52% 44%

PLCS———s— X ¥ H756
18%  g39 38%

FIGURE 1

Linear display of Bacillus PLC and three types of mammalian
PLCs (B, v, and & types) represented by PLC-f,, PLC-y;, and
PLC-8,. Open boxes X and Y denote the regions of approximately
150 and 240 amino acids, respectively, of similar sequence found
in the three types of mammalian PLC. Part of the X region is
conserved in Bacillus PLC and is designated X'. The numbers at
the right of the representations are the numbers of amino acid
residues in each molecule. The percentage values under the
various domains of PLC-y; and PLC-3, refer to the percentage
identity with the corresponding domains in PLC-B;.
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derivatives of Pl, PI-4P, and PI-4,5-P, (24). The bacterial enzymes also
catalyzes the hydrolysis of the glycosyl-Pl-anchor, thereby converting
membrane-bound proteins to soluble forms. Bacterial PLC does not re-
quire divalent cations for activity. The genes for PLC from Bacillus thu-
ringiensis (23) and Bacillus cereus (24) have been cloned and sequenced.
Amino acid sequences of the two Bacillus enzymes are nearly identical, and
at 298 amino acids, Bacillus PLCs are much smaller than the mammalian
enzymes. Yet a relatively high degree of similarity (20% identity; 40%
similarity including conservative replacements) between the Bacillus en-
zymes and mammalian brain PLC is apparent in a 70-amino acid segment
located in the X domain (24). This observation further supports the hypoth-
esis that active sites of PLCs might reside in the conserved domain of X.
The smaller X domain found in Bacillus PLC is referred to as the X' domain
in Fig. 1.

When we began to use Greek letters to designate the PLC isozymes, we
assigned PLC-a to the 62-68 kDa enzymes purified initially from rat liver
and sheep seminal vesicles and later from guinea pig uterus (22). These
62—68 kDa enzymes appeared to be immunologically distinct from PLC-8,
PLC-y, and PLC-$, and the amino acid sequence deduced from a putative
PLC-0.cDNA showed no similarity to those of the other PLC enzymes. The
PLC-a cDNA was obtained from rat basophilic leukemic cell libraries with
the use of rabbit serum raised against the 62 kDa guinea pig uterus PLC
(29). The protein encoded by this putative PLC-a clone showed most
similarity to thioredoxin and protein disulfide isomerase. No sequence
corresponding to the X and Y domains could be located in the deduced
sequence of PLC-a. Furthermore, because the PLC-o. cDNA has not been
expressed, whereas the cDNAs for Bacillus PLC, PLC-B, PLC-y, and PLC-$
have been expressed to demonstrate a concomitant increase in PLC activ-
ity, the question of whether the rat basophilic leukemia cell cDNA actually
encodes a PLC has been raised. Recently, Martin ef al. (42) convincingly
showed that the rat basophilic leukemia cell cDNA actually encodes an
endoplasmic reticulum protein that carries no PLC activity.

In an attempt to find additional types of PLC, cDNAs from various
tissues have been screened by low stringency cross-hybridization with
probes based on the conserved domain X or Y. As a result, four new
PLC-related cDNAs have been cloned and sequenced (30, 41, 43). Se-
quence alignment of the four new PLCs with the three brain PLCs revealed
that each of the new sequences is similar to and is structurally related to
one of the three previously isolated PLCs. This result suggests that each
PLC type (B, v, and 8) contains several distinct members. Greek letters have
thus been used to designate the types of PLC with different primary
structures and arabic subscript numerals to designate the members of each
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type. The original three enzymes isolated from mammalian brain are
named PLC-$,, PLC-y,, and PLC-9,. The difference in primary structures of
different members of a PLC type is not due to differences in the species or
tissues of origin. For example, amino acid conservation is better than 95%
for PLC-y, from rat, bovine, and human brains and PLC-y, can be found in
almost every mammalian tissue.

One of the new cDNA clones, isolated from a HL-60 library, encodes an
enzyme most closely related to PLC-8, and is referred to as PLC-f3,. The
Drosophila PLC gene (44), NorpA, most closely resembles the PLC-f type.
The PLC-f} type has a carboxyl-terminal 400-amino acid domain that con-
tains an unusually high number of charged residues (about 40%) in this
region. Another feature of the PLC-f type is the presence of a string of
nearly consecutive acidic residues in the region between the X and Y
domains; the NorpA enzymes, however, does not possess this acidic do-
main. The PLC-3 type of isozyme is readily distinguishable by the lack of
a carboxy-terminal region after the Y domain. PLC-3, has been purified to
homogeneity from bovine brain and PLC-3; cDNA has been isolated from
a WI-38 fibroblast library.

PLC-y, cDNA have been obtained from libraries of human lymphocytes
(45), rat muscle (30), and HL-60 cells (43) by low-stringency hybridization
techniques. PLC-y, and PLC-y, have high sequence identities in the amino-
terminal 300 amino acids and in the 400-amino acid region between the X
and Y domains. In the 400-amino acid insert between X and Y, PLC-y, and
PLC-y, contain three regions that are related in sequence to limited por-
tions of the src product (25, 26). The three regions correspond to duplicates
of SH, and to SH; (src homology 2 and 3), which were first recognized as
highly conserved sequences in the regulatory domains of a number of
nonreceptor tyrosine kinases, such as those encoded by abl, yes, fgr, lyn, syn,
hck, Ick, and blk (the catalytic region of these src-related tyrosine kinases is
named SH,) (46).

PLC-y isozymes can, therefore, be structurally divided into three do-
mains, X, Y, and SH (SH, plus SH;). In order to study the function of each
domain, various plasmids encoding truncated PLC-ys were constructed
and expressed either in Escherichia coli (PLC-y,) (30) or transiently in COS-1
cells (PLC-y,) (47). PLC activity was clearly detected when the SH domain
was deleted, although the activity was reduced to 10-30% of full-length
enzyme. However, deletion in either the X or Y domain led to a complete
loss of activity. It appears, therefore, that X and Y, but not SH, are essential
for PLC activity.

Another interesting sequence similarity was noticed by Baker (48) be-
tween a 100-residue segment of the carboxy terminal half of PLC-y and the
constant region 2 (C, domain) of PKC. There are 31% identities and 16%
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conservative replacements. Extending this observation, we found that the
carboxy-terminal half of the Y domain in all three types of PLC (B, y, and
d) is similar to the C, domain of PKC. The PKC C, domain is present in all
PKC isoforms that translocate to membranes in response to submicromolar
concentrations of Ca?*, but is absent in PKC isoforms that fail to translocate
in response to Ca?*. The C, domain is therefore believed to be important
for the Ca**-dependent binding of PKC to membranes. Recently, Clark et
al. (49) noticed that a region homologous to the PKC C, domain also exists
in the amino-terminal portion of an 85 kDa phospholipase A, (PLA,).
PLA, s in the cytosol of unstimulated cells but translocates to the mem-
brane in response to increased concentrations of Ca?*. Furthermore, a 16
kDa amino-terminal fragment of PLA, that contains the C,-like domain
associates with membrane vesicles in a Ca**-dependent manner. These
results led Clark et al. to suggest that the C,-like sequence of PLA, encodes
a Ca**-dependent phospholipid-binding domain. It is therefore reasonable
to speculate that the C,-like sequence located in the Y domain of all
mammalian PLCs also serves as a Ca?*-dependent phospholipid-binding
motif. This speculation is consistent with the fact that mammalian PLCs
require Ca* for catalytic activity, whereas the activity of the Bacillus en-
zymes, which lack the Y domain, is independent of Ca?".

All of the PLC enzymes described above are presumed to be located
within cells. Extracellular Pl-specific PLC has been found at the external
cell surface of Swiss 3T3 cells with the use of a fluorescent analog of PI (50).
This enzyme was dependent on Ca* for activity. The level of this extra-
cellular enzyme increased after 3T3 cells became confluent, suggesting that
this PLC may play a role in the density-dependent inhibition of cell
growth. Whether this extracellular PLC represents another new type of
enzyme is not known.

G Protein-Dependent Activation of PLC

The members of the G protein family mediate the coupling of many cell
surface receptors to various signal transduction mechanisms. There are
more than 13 members in the G protein family (51-53), all of which are
heterotrimers composed of o, B, and y subunits. The a subunits, which
contain the guanine nucleotide binding site, show the greatest sequence
diversity and generally define the different G proteins. An agonist-occu-
pied receptor activates G proteins by catalyzing the exchange of bound
GDP for GTP. Binding of GTP leads to the dissociation of the By subunit
complex from the a-GTP. The a-GTP complex as well as By subunit are
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known to regulate the activity of specific enzymes and ion channels. The
f and y subunits of different G proteins are highly homologous and, at least
in vitro, are functionally interchangeable so that they may associate with
any of the different a subunits.

The best-defined transmembrane signaling system, which has been
studied for many years, is the adenylyl cyclase system where the roles of
stimulatory G protein (G,) and inhibitory G protein (G;) have been well
characterized (51). Evidence also indicates that G proteins participate not
only in the activation, but also in the inhibition, of PLC activity. By analogy
with the nomenclature used for the adenylyl cyclase system, putative G
proteins that stimulate and inhibit PLC have been called G, and G,
respectively.

A role for G proteins in coupling receptor activation to PIP, breakdown
was first suggested from the results of studies on the effects of guanine
nucleotide on the binding of various Ca?-mobilizing agonists to their
receptors. The presence of GTP decreased the binding affinity of agonists
such as angiotensin II, vasopressin, a;-adrenergic agonist, f Met—Leu—Phe,
thyrotropin-releasing hormone (TRH), and muscarinic agonists (54, 55). In
analogy with the adenylyl cyclase system, this observation was interpreted
as an indication for the involvement of G proteins (G,). According to the
model for the coupling of adenylyl cyclase to G,, the interaction of agonist
with the receptor leads to the formation of a high-affinity receptor-
agonist-G, complex which, upon interaction with GTP, dissociates to a,-
GTP, By, and low-affinity agonist-receptor complexes.

The most direct evidence for the involvement of a G protein in receptor
regulation of PLC comes from studies with cell-free preparations where
GTP (or GTP analogs) has been shown to cause the breakdown of PIP, in
the absence of agonist or to potentiate the receptor-mediated PLC activa-
tion. Cockcroft and Gomperts (56) showed that GTPyS and other non-
hydrolyzable GTP analogs stimulate the breakdown of polyphosphoinosi-
tide in plasma membrane preparations from human neutrophils.
Similarly, GTPyS-dependent hydrolysis of phosphoinositide has been ob-
served with rat liver plasma membranes (57) and turkey erythrocyte mem-
branes (58). Litosch et al. (59) also reported that GTP was required for
agonist-induced breakdown of polyphosphoinositide in cell-free extracts
of fly salivary glands.

Fluoride, in the millimolar concentration range, is a general activator of
G proteins, probably because AlF;, formed from F- and AI**, mimics the y
phosphate of GTP, thereby converting GDP-bound, inactive G proteins to
an activated form. In a number of cell types, addition of NaF, often to-
gether with AICl,, to prelabeled cells or isolated membranes has been
shown to stimulate the formation of inositol phosphates.

pls)
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The bacterial toxin, pertussis toxin, provided further evidence favoring
the involvement of G proteins in PLC activation. ADP-ribosyltransferase,
a subunit of the toxin, penetrates cells and uses endogenous NAD to ADP
ribosylate a cysteine near the carboxy terminus of the G protein o subunits,
o, o, and a, (60, 61). The a,, which lacks a cysteine residue in this position,
is not a substrate for pertussis toxin. ADP-ribosylation by pertussis toxin
appears to cause uncoupling of G proteins from receptors (60), which
results in inhibition of agonist-activated pathways regulated by the G
proteins.

In many cells, agonist-triggered PI breakdown is inhibited by pertussis
toxin, whereas in others transduction is unaffected by the toxin. This
indicates that there are at least two distinct G, proteins. It appears that a
single cell can express both pertussis toxin-sensitive and -insensitive
Gy proteins. Thus, in human umbilical vein endothelial cells, pertussis
toxin blocks stimulation of PI turnover by histamine but does not affect P1
turnover stimulated by bradykinin (62). Similar results have been obtained
with cultured rat sensory neurons, where neuropeptide Y and bradykinin
both elevate inositol phosphate formation (63). The neuropeptide Y-stim-
ulated inositol phosphate formation is blocked by treatment with pertussis
toxin; whereas the effects of bradykinin are unaltered by the toxin, despite
the fact that the bradykinin-dependent PI turnover is mediated by a G
protein as indicated by the synergistic effects of bradykinin and GTPyS on
this process (63).

In order toinvestigate whether a single cell can possess multiple G, pro-
teins and whether distinct G, proteins can couple selectively to different
receptors, Ashkenazi et al. (64) expressed three subtypes of muscarinic
receptors—m,;, m,, and m;—in CHO cells, which lack endogenous mu-
scarinic receptors, and investigated the pathway employed by each
muscarinic receptor, as well as that used by endogenous cholecystokinin
and thrombin receptors, to activate PI hydrolysis in these cells. Carbachol
evoked a significantly lower accumulation of inositol phosphates in cells
expressing the m, receptor compared to those in cells expressing the m, or
m; receptor. The level of inositol phosphate accumulation stimulated by
cholecystokinin was comparable to the m, receptor- and m; receptor-
mediated carbachol response, whereas the accumulation by thrombin was
similar in magnitude to the m,-mediated carbachol response. Treatment of
CHO cells with pertussis toxin caused no effect on cholecystokinin-stim-
ulated PI hydrolysis, partially inhibited (20-50%) PI hydrolysis stimulated
by m; and m, receptors, and completely inhibited PI hydrolysis stimulated
by m, and thrombin receptors. These results further indicate that at least
two Gy, proteins, pertussis toxin-sensitive and -insensitive G, proteins,
mediate the selective coupling of these different receptors to Pl hydrolysis.
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The partial inhibitory effect observed for m; and m; receptors is consistent
with each receptor being coupled to both pertussis toxin-sensitive and
-insensitive G, proteins or, alternatively, with coupling of these receptors
to a third G, protein, the activity of which is only partially attenuated by
the toxin.

The existence of distinct types of G, proteins in CHO cells and their
selective coupling to different receptors was further demonstrated by the
additive or nonadditive nature of the PI hydrolysis responses activated by
different receptors. In cells expressing m, receptors, the cholecystokinin
and carbachol responses were fully additive, whereas the thrombin and
carbachol responses were not additive. On the other hand, in cells ex-
pressing m, receptors, neither the cholecystokinin nor the thrombin re-
sponse was additive with the carbachol response, indicating that m, recep-
tors can couple to both the G, pathways employed by cholecystokinin
and thrombin (and m,) receptors. Thus, Ashkenazi et al. (64) concluded
that CHO cells possess a pertussis toxin-insensitive G, which couples
endogenous cholecystokinin receptors and transfected m, receptors to PI
hydrolysis, and a pertussis toxin-sensitive G, which couples endogenous
thrombin receptors and transfected m, receptors, as well as transfected
m, receptors, to PI hydrolysis.

Ashkenazi et al. (64) also noted that the specificity observed in the
coupling of the various receptors to PI hydrolysis is similar to that ob-
served for the same receptors in other cell types. Thus, thrombin receptors
in platelets and fibroblasts, like those in CHO cells, activate PI hydrolysis
via a pertussis toxin-sensitive G. In addition, in 1321 N human astro-
cytoma cells and rat pancreatic islet cells, in which the primary muscarinic
receptor is the m; subtype, carbachol-stimulated PI hydrolysis is insensi-
tive to pertussis toxin, consistent with the primarily pertussis toxin-in-
sensitive coupling of the m; receptor in CHO cells.

In contrast, Moriarty et al. (65) found that receptors that use the pertussis
toxin-sensitive pathway in one cell type can use the pertussis toxin-in-
sensitive G, in other cell types. For example, the [Arg]vasopressin re-
ceptor, which stimulates PLC in a pertussis toxin-insensitive manner in
liver, stimulates PLC through a pertussis toxin-sensitive pathway in
Xenopus oocytes.

In addition to the heterotrimeric G protein family, there is a family of
monomeric, lower molecular mass (20-30 kDa) G proteins. Lapetina and
Reep (66) detected four low molecular mass G proteins of 21, 27, 29, and
29.5 kDa in platelets. The 27- and 29-kDa proteins were susceptible to
degradation by trypsin, whereas the other two proteins were resistant to
trypsin degradation. Since both the binding of GTP to platelet membrane
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proteins and the GTPyS-dependent stimulation of PLC activity were not
altered by trypsin, Lapetina and Reep suggested that the two trypsin-
resistant proteins might regulate PLC in platelets. McAtee and Dawson
(67) proposed a 24 kDa G protein as transducer in bradykinin-induced
PLC activation in NCB-20 cells. Their proposal was based on the ob-
servations that bradykinin-induced PLC activation in NCB-20 cells was
inhibited by raising the cellular cAMP levels (i.e., by activating PKA) and
that the phosphorylation state of the 24 kDa G protein correlated with
the extent of PLC inhibition. Nevertheless, current evidence favoring a
role for monomeric G proteins in PLC activation is indirect and circum-
stantial.

Furthermore, there is evidence to suggest that G, proteins are trimeric.
Because Py subunits appear to attenuate o subunit-mediated stimulation of
effectors in all signal transducing systems involving heterotrimeric G pro-
teins, elevation of intracellular concentration of By would be expected to
reduce PLC activity if G proteins are also heterotrimeric G proteins. To
determine whether By subunits have such an effect, Moriarty et al. (65, 68)
microinjected By subunits purified from human erythrocytes and bovine
brain into Xenopus oocytes, in which IP; has been shown to mobilize in-
tracellular Ca®* and to evoke a Ca?-dependent Cl- current. Microinjection
of By subunits inhibited Cl- current stimulated by carbachol, vasopressin,
and cholecystokinin, suggesting that both the pertussis toxin-sensitive and
-insensitive pathways for receptor coupling to PLC are transduced by
heterotrimeric G proteins.

In another study with By subunit, Boyer et al. (69) used turkey eryth-
rocyte membranes which had been known to possess a PLC that is mark-
edly activated by P, -"purinergic” receptor agonist and GTPyS. Recon-
stitution of turkey erythrocyte membranes with By subunits resulted in
inhibition of both AlF;-stimulated adenylate cyclase and AlF, -stimulated
PLC activities. The apparent potency of By subunits for inhibition of each
enzyme activity was similar, and inhibition occurred with By purified from
turkey erythrocytes, bovine brain, or human placenta membranes. These
results suggest the involvement of a G protein possessing an afy hetero-
trimeric structure in the coupling of hormone receptors to PLC.

To identify G, proteins, Moriarty et al. (70) again made use of Xenopus
oocytes, in which muscarinic receptors couple to PLC through a pertussis
toxin-sensitive G protein, and measured the IP;-sensitive Cl- current after
the microinjection of several pertussis toxin-sensitive G proteins (G, G,
and G;) purified from bovine brain and human erythrocytes. When the o
subunits activated by GTPyS were injected, o, evoked a rapid CI- current,
whereas the three activated o subunits (o;;, 0, and a;;) had no effect.
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Injection of trimeric G, specifically enhanced the muscarinic receptor-stim-
ulated CI- current. These data suggest that G, or a G-like G protein may
represent a pertussis toxin-sensitive G

Some progress has been made in identifying the G, -coupled PLC in
GH; cells (71) and rabbit brain (72). TRH-dependent PI turnover has been
shown to be insensitive to pertussis toxin in GH, cells. With the use of
exogenous substrate, Martin and Kowalchyk (71) found that the G-
regulated PLC in GH; cells is an extrinsic membrane protein and can be
solubilized reversibly at high ionic strength. Cytosolic PLCs from GHj cells
failed to substituted for the KCl-solubilized GH; membrane PLC in recon-
stituting GTPyS-stimulated PLC activity in membranes. Similarly, cyto-
solic PLCs from rat brain failed to reconstitute whereas the KCl-extracted
brain membrane PLC could substitute for the GH; membrane enzyme. As
such, the G,,-coupled PLC in GH; cells is similar to brain PLC-B,, which
was reported by Lee et al. (73) and by Katan et al. (34) to be solubilized by
2 M KCL In agreement with this observation, Carter et al. (72) found that
prior incubation of brain cortical membranes with antibodies to PLC-
B, inhibited GTPyS-stimulated PLC activity.

Despite the numerous descriptions of G, in a variety of cell types, it
was only recently that direct molecular characterizations of G, have been
achieved. Several laboratories have independently made significant con-
tributions to identifying the long-sought pertussis toxin-insensitive G
With the polymerase chain reaction technique, Strathman and Simon (52)
obtained and sequenced cDNA clones encoding two murine Ga subunits,
agand ay;, that are 88% identical. Both Ga, and Gay, are widely distrib-
uted and lack the cysteine residue four amino acids from the carboxyl
terminal end that is the target for pertussis toxin-mediated ADP ribosyla-
tion. Pang and Sternweis (74) purified Go, from rat brain with the use of
an affinity matrix containing immobilized By subunits. This purified 42
kDa protein was not recognized by antibodies to known Ga proteins, and
amino acid sequences obtained from tryptic fragments are homologous to,
yet different from, those of other Ga subunits. The partial amino acid
sequences were present in the sequence predicted from the o, cDNA. The
amino acid sequence information indicated that the o, preparation also
contained a second highly similar Go subunit (a;;) as a minor component.
Both o, and a;; subunits were shown not to be substrates for ADP-ribo-
sylation catalyzed by pertussis toxin; and they bound GTPyS only with
slow rates and low stoichiometry, probably due to their high-affinity asso-
ciation with GDP.

Sternweis and co-workers (75) showed that the a, preparation obtained
by affinity chromatography could stimulate the activity of partially
purified PLC from bovine brain, but only in the presence of AlF;; no
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significant stimulation of activity was observed with GTPyS, which is
anticipated by the inability of o, to bind the nucleotide. The affinity of
AlF;-activated a, for PLC appeared to be low (K, > 20 nM). Stimulation of
PLC by a,was observed over a large range of Ca’ concentrations. In
addition to increasing the maximal activity of PLC, o, changed the appar-
ent affinity of the enzyme for Ca?* from ~1 to 0.1 uM. Thus, PLC activation
was achieved by increasing both the intrinsic activity of the enzyme and
its sensitivity to the concentration of free Ca?*. Maximal fold activation was
observed at lower concentrations of Ca%, a finding that is consistent with
observations with diverse membrane systems.

Progress in identifying a pertussis toxin-insensitive G, has been made
by Taylor et al. (76), who recognized that cholate-solubilized extracts of
liver membranes possessed both PLC and a G, protein, as pretreatment
of membranes with GTPyS enhanced PLC activity in the cholate extracts.
The GTPyS-dependent activator, G, was purified on the basis of its
ability to activate partially purified membrane PLC. Persistent impurities
that copurified with the activator during several column chromatography
steps included «;;, o, and ay. Therefore, the final purification step in-
volved an incubation with pertussis toxin in the presence of NAD*, which
caused the ADP-ribosylation of o; subunits but had been shown to exert no
effect on the function of the liver activator. The o, thus separated from
ADP-ribosylated «; subunits exhibited a molecular mass of 42 kDa on
SDS-polyacrylamide gel and copurified with a substoichiometric amount
of B subunit. This 42 kDa o, revealed cross-reactivity with antipeptide
antibodies raised against residues 160-169 of «;, and a region of sequence
common to all known G protein o subunits. The 42 kDa protein was not
recognized by other o subunit-specific antibodies. These findings identify
the purified 42 kDa activator as a distinct pertussis toxin-insensitive G
protein o subunit.

In spite of the biochemical advances which have resulted in the char-
acterization of one or two G, proteins and multiple isoforms of PLC, it
remains unclear which of the PLC isoforms is regulated by G proteins.
Immunological studies have indicated that the 42 kDa a,, contains a-
plus an o-like protein, that is likely to be a;;. When the two a subunits
were resolved, both had PLC stimulatory activity. Taylor et al. (77) re-
constituted the 42 kDa a, and the B;, y,, and 9, isozymes of PLC purified
from bovine brain. This Ga subunit specifically activated PLC-f,, but not
PLC-y, and PLC-$,. In contrast to the observations made with a, purified
with the Py-affinity column, the stimulation of PLC-f, by bovine liver
membrane a, did not result in a decreased Ca?* requirement for PLC; at
all free Ca** concentrations (0.02-20 uM) the stimulation of PLC-B, was
similar.
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The PLC isozyme specificity of o, was further investigated by incubat-
ing bovine liver membranes with antibodies to the various PLC isozymes.
Antibodies to the B; isozyme inhibited the stimulatory effect of o, by ap-
proximately 80%, while antibodies to PLC-y, or PLC-3, gave no inhibition.
This result suggests that the main, if not the sole, target of a, is PLC-8, in
liver membranes.

Avian homologs of mammalian PLC-8, and G, have been purified by
Harden and co-workers, who have been studying the P,,-purinergic re-
ceptor- and G protein-regulated PI metabolism in turkey erythrocyte mem-
branes (78). A 150 kDa PLC has been purified from turkey erythrocytes.
This PLC appears to be closely related to PLC-,, although it does not
cross-react with antibodies raised against the latter, and, when recon-
stituted with PIP,-containing phospholipid vesicles prepared from turkey
erythrocyte membranes, the purified protein showed AlF;- or GTPyS-
stimulated PLC activity. With reconstitution of AlF;-sensitive PLC activity
as an assay, the putative G protein conferring regulation to the 150 kDa
PLC was purified (79). Two polypeptides of 43 and 35 kDa were obtained.
The 43 kDa protein strongly reacted with antiserum to the carboxy termi-
nus of a, and a;;, and the 35 kDa protein was recognized by G protein f8
subunit antiserum. Furthermore, G protein By subunits were shown to
inhibit PLC activity stimulated by the 43 kDa protein and AlF;.

G Protein-Dependent Inhibition of PLC

Evidence is gradually accumulating that PLC may also be regulated by
inhibitory receptors and G proteins. Activation of certain receptors for
dopamine, muscarinic agonists, adenosine, and acidic amino acids has
been shown to inhibit the PI metabolism and accumulation of Ca* within
cells. Two different mechanisms may be involved in these responses.
Many instances of receptor-mediated inhibition of PI breakdown can be
detected only after a period of several minutes and may be secondary to
receptor-mediated events that lower intracellular Ca* or increase cAMP.
In other instances, the activation of an inhibitory G protein, G. The
receptors that inhibit PI breakdown and their signaling pathways have
been reviewed in (80); here, we will summarize several reports published
since then.

D, dopamine receptors inhibit adenylyl cyclase in certain cell types but
do not affect its activity in other cells. In addition, D, receptors are known
to inhibit PI turnover, activate K*channels, and inhibit voltage-gated
Ca?* channels (19). Activation of D, receptors in pituitary lactotroph cells
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inhibits PI turnover induced by TRH. This inhibition was sensitive to
pertussis toxin and remained unchanged by increased cellular cAMP lev-
els but was greatly affected by treatments that modify the cytosolic free
Ca* concentration. The inhibitory effect of dopamine was prevented by
treatment of the cells with the Ca? ionophore ionomycin and was mim-
icked either by withdrawal of Ca* from the incubation medium or by
blockage of voltage-gated Ca?* channels with verapamil. In isolated mem-
branes, dopamine was unable to counteract the inositol phosphate accum-
ulation triggered by TRH. Vallar et al. (20) thus concluded that inhibition
of PI turnover is not a primary event triggered by D, receptor activation,
but is a consequence of the inhibition of dopamine of the prolonged
increase in free Ca?* concentration that is induced by TRH via activation of
voltage-gated Ca?* channels.

On the other hand, there is evidence suggesting the direct involvement
of G proteins in the inhibition of PLC. Delahunty et al. (81) showed that
adenosine inhibited basal and TRH-stimulated PI turnover in GH; cells
through a mechanism which appeared to be insensitive to the removal of
Ca? from the medium. Recently, Litosch (82) demonstrated that guanine
nucleotides mediate both stimulatory and inhibitory effects on PLC activ-
ity of rat cerebral cortical membranes. Nonhydrolyzable GTP analogs,
GTPyS and GPP(NH)P, inhibited basal PLC activity by 30% at 10 nM.
Increasing the concentration of GTPyS or GPP(NH)P to over 10 nM re-
sulted in a reversal of the inhibitory effect and onset of stimulation of PLC
activity. Expression of the dual effects of guanine nucleotides was affected
by the Mg* concentration. At 0.3 mM Mg?, both the inhibitory and the
stimulatory components of GPP(NH)P action were evident, whereas at 2.5
mM Mg*, only stimulation was observed. These results can be best ex-
plained by the hypothesis that PLC in cerebral cortical membrane is mod-
ulated by two distinct G proteins, inhibitory G, and stimulatory G, and
that G, has a greater affinity for Mg?* and guanine nucleotides than does
G- Similar Mg* effect was observed with adenylyl cyclase system in
platelet membranes: GTPyS below 1 uM inhibited adenylyl cyclase in the
presence of 2 mM Mg?*, whereas in the presence of 12 mM Mg, GTPyS,
at concentrations greater than 0.1 uM activated adenylyl cyclase. This
Mg?* effect appeared to reflect higher affinities of Mg?* and guanine nu-
cleotide to G, than to G..

Dose-dependent biphasic responses of inositol phosphate formation to
GTPyS or AlF; have also been observed in intact and permeabilized hu-
man umbilical vein endothelial cells (83). In this system, however, stimula-
tion rather than inhibition of PLC activity was found at lower GTPyS (or
AlF;) concentrations. Because the biphasic responses were still present in
permeabilized cells, and even in cell homogenates, it is unlikely that
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changes in pH, Ca? concentration, or cAMP concentration were respon-
sible. Furthermore, elevation of intracellular cAMP by forskolin did not
affect inositol phosphate levels in the presence of stimulatory or inhibitory
concentrations of AlF;. This demonstration of cAMP-independent mod-
ulation of PLC activity was important because in a variety of cells and
tissues elevated cAMP levels have been shown to inhibit PI turnover (40).

Bizzari et al. (18) reported that muscarinic agonist carbachol reduced the
basal levels of IP, and inhibited adrenergic receptor-stimulated inositol
phosphate accumulation in FRTL5 rat thyroid cells. Both the adrenergic
and muscarinic receptors are coupled to G proteins that are sensitive to
pertussis toxin, as was made evident by the observation that both the
stimulatory as well as the inhibitory pathways are inactivated by toxin
treatment. However, the sensitivities of the two pathways to the toxin are
very different, indicating that distinct G proteins are involved. Both the
stimulatory and inhibitory pathways require the presence of GTP. Bizzari
et al. (18) proposed that the G, protein coupled to PLC regulation in these
cells acts directly on the enzyme. This proposal was based on the following
observations: (i) carbachol and GTP could induce the PLC inhibition in
permeabilized cells, i.e., under the condition of extreme dilution of any
soluble cellular factor; (ii) high concentration of intracellular Ca?* induced
by a specific ionophore in intact cells or fixed Ca* concentrations in per-
meabilized cells did not affect the muscarinic inhibition; (iii) carbachol was
still able to decrease the PLC activity in the presence of saturating levels
of cAMP in permeabilized cells, and in the presence of forskolin in intact
cells; and (iv) PKC does not seem to play a role in the muscarinic inhibition
because its direct activator, PMA, and the kinase inhibitor staurosporine
did not interfere with the carbachol effect.

As described above, experimental data from several laboratories strong-
ly suggest the existence of an inhibitory G protein, G;. At present, one can
only speculate about the molecular mechanism of action of G,;. There is
no evidence to favor a role of the o, subunit versus the By subunits in this
process.

Activation of PLC by Growth Factor
Receptor Tyrosine Kinases

Polypeptide growth factors such as PDGF, EGF, FGF, colony-stimulating
factor (CSF-1), and insulin mediate their pleiotropic actions by binding to
and activating cell surface receptors that possess intrinsic protein-tyrosine
kinase (PTK) activity. These growth factor receptor tyrosine kinases have
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a similar molecular topology. All possess a large glycosylated, extracell-
ular ligand-binding domain, a single hydrophobic transmembrane region,
and a cytoplasmic region that contains a tyrosine kinase domain (2).
Shared structural features and homologous primary structures reveal the
existence of four subclasses of receptors within the receptor tyrosine ki-
nases (2): subclass I contains the EGF receptor and the erbB-2 product;
subclass II, the insulin receptor; subclass III, the PDGF and CSF-1 recep
tors; and subclass IV, the FGF receptor.

Despite the structural similarities between their receptors, the role of
polypeptide growth factors in PI signaling does not appear to be uniform.
Binding of PDGF (5) and EGF (84, 85) to their respective receptors induce
stimulation of PI turnover. In contrast, CSF-1, whose receptor is highly
homologous to and has been assigned to the same subclass as the PDGF
receptor, has no effect on PI turnover in mononuclear phagocytes (86).
There is no consensus regarding a role for PI turnover or Ca** mobilization
in the mechanisms of action of FGF. Magnaldo et al. (87) concluded that
neither the acidic nor basic FGF receptor signaling pathway is coupled to
the activation of PLC, whereas Kaibuch et al. (88) have presented evidence
that basic FGF can rapidly induce diacylglycerol formation and Ca?* m-
obilization. Similar discrepancies exist regarding the effect of insulin on PI
metabolism. Farese et al. (89) showed a transient increase in the IP; levels
in response to insulin in fat cells. However, other investigators have dem-
onstrated in several cell lines and tissues that insulin does not generate
IP; as a second messenger (90-92).

Recently, the mechanism by which EGF and PDGF stimulate PLC ac-
tivity has been studied extensively in several laboratories. The growth
factor-induced stimulation of PLC appears to be independent of G proteins
(4-9) and requires the intrinsic tyrosine kinase activity of the receptors.
Mutant PDGF and EGF receptors that lack tyrosine kinase activity bind
the corresponding growth factor but fail to stimulate the hydrolysis of
PIP, (93-95). Wahl et al. (96) found that stimulation of PLC activity by EGF
in A431 cells is correlated with the retention of increased amounts of PLC
activity by an immunoaffinity matrix constructed with antibodies to phos-
photyrosine, suggesting that PLC, or a tightly associated protein, is a direct
tyrosine phosphorylation substrate of the EGF receptor. Subsequently,
Wahl et al. (97, 98), Meisenhelder et al. (99), Margolis et al. (100), and
Kumijian et al. (101) showed that treatment of a number of cells with EGF
or PDGF led to an increase in the phosphorylation of PLC-y,, but not of
PLC-B, or PLC-9;. The increased phosphorylation occurred on both serine
and tyrosine residues. Tyrosine phosphorylation of PLC-y, occurred rap-
idly, reached a peak level at 0.5-2 min of growth factor treatment, and
was well correlated with stimulation of PIP, hydrolysis (102). Growth
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factor internalization was not necessary for PLC-y, phosphorylation on
tyrosine (97, 99).

Treatment of cells with EGF or PDGF also promoted the association of
PLC-y, with their receptors. Thus, antibodies to either PLC-y, or growth
factor receptors immunoprecipitated both proteins (97-102). Both tyrosine
phosphorylation of PLC-y; and coimmunoprecipitation of PLC-y, and re-
ceptors were reversibly lost with acid dissociation of growth factors from
their receptors and recovered with the readdition of growth factor (97, 99,
101, 103). Dissociation of bound growth factor by an acid wash caused a
rapid dephosphorylation of growth factor receptor and PLC-y,. However,
if the PDGF-induced receptor phosphorylation was maintained by adding
a tyrosine phosphatase inhibitor orthovanadate, the PDGF receptor could
still be coprecipitated with PLC-y, and still stimulate PI turnover (103).
Mutant PDGF and EGF receptors (95, 104) with defective kinase activity
fail to associate with PLC-y,. Oligomerization of the EGF receptor is not
sufficient to induce association of the receptor with PLC-y,, since the ki-
nase-negative mutant receptor that has been shown to undergo normal
dimerization in response to EGF does not associate with PLC-y, (95).
The requirement of receptor autophosphorylation for association with
PLC-y, was further demonstrated in vitro by the observations that PDGF
receptor expressed with recombinant baculovirus vector also associated
with PLC-y, and that phosphatase treatment of the baculovirus-expressed
PDGEF receptor greatly decreased its association with PLC-y, (104).

Although the insulin receptor possesses intrinsic PTK activity, treat-
ment of NIH 3T3 cells with mitogenic concentrations of insulin did not
cause phosphorylation of PLC-y, (99, 105). Neither purified intact insulin
receptor nor the PB-chain kinase domain was able to phosphorylate
PLC-y, in vitro (105). Similarly, although the PDGF and CSF-1 receptors are
structurally related, CSF-1 treatment neither stimulated phosphorylation
of PLCy, nor mobilized intracellular Ca?* (106).

Tyrosine phosphorylation of PLC-y, in vitro by purified EGF or PDGF
receptors is highly specific; whereas PLC-y, is an efficient substrate, PLC-
B,is a poor substrate and PLC-8, is not phosphorylated to any detectable
extent (99, 107). The major sites of phosphorylation by EGF and PDGF
receptors in vivo and in vitro appear to be identical (99, 104) and are
tyrosine residues 472, 771, 783, and 1254. The rate of phosphorylation in
vitro was most rapid at site 771 and 783, was slower at site 1254, and was
slowest at site 472 (108).

The role of tyrosine phosphorylation was investigated by substituting
phenylalanine for tyrosine at these three sites of PLC-y, and expressing the
mutant enzymes in NIH 3T3 cells (109). Phenylalanine substitution at
tyrosine 783 completely blocked the activation of PLC by PDGF, whereas
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mutation at tyrosine 1254 inhibited the response by 40% and mutation at
tyrosine 771 enhanced the response by 50%. The decreased response to
PDGEF of the cells harboring mutant PLC-y; was not because the phenyla-
lanine substitution at the tyrosines inactivated the enzymes. Mutation at
residues 771, 783, or 1254 did not affect the catalytic activity of PLC-
y;measured in vitro. Like the wild-type enzyme, PLC-y, substituted with
phenylalanine at tyrosine 783 became associated with the PDGF receptor
and underwent phosphorylation at serine residues in response to PDGF.
These results suggest that PLC-y, is the isozyme of PLC that mediates
PDGF-induced inositol phospholipid hydrolysis and that phosphorylation
on tyrosine 783 is essential for PLC-y, activation. Furthermore, they show
that neither the association of PLC-y, with the PDGF receptor nor its phos-
phorylation on serine residues is sufficient to account for PDGF-induced
activation of PLC-y,. At the present time, the significance of serine phos-
phorylation is not known.

Molecular events which might occur during the activation of PLC-y, by
a growth factor receptor PTK have recently been proposed in detail (41).
The proposed events include a tight interaction between the SH, domain
of PLC-y, and phosphotyrosine residues in the intracellular domain of the
autophosphorylated receptor, followed by the phosphorylation of PLC-
yityrosine residues 771, 783, and 1254 by the receptor kinase. Tyrosine
phosphorylation may induce a major conformational change in PLC-y, and
allow the SH; domain of PLC-y, to interact with membrane cytoskeleton,
causing the translocation of PLC-y, from the cytosol to the cellular mem-
brane.

PLC-y, also contains SH, and SH; domains and is known to be phos-
phorylated at unidentified tyrosine residues in response to PDGF treat-
ment (110). In addition, whereas residues equivalent to tyrosine residues
771 and 783 of PLC-y, are conserved in PLC-y,, an equivalent of Tyr 1254 is
not present in PLC-y,. Therefore, one can speculate that the mechanism of
activation of PLC-y, also involves tyrosine phosphorylation and that PLC-
y; and PLC-y, respond differently to a PTK and a regulatory mechanism.

Activation of PLC-y, Through Tyrosine
Phosphorylation by Nonreceptor PTK

Proper ligation of a variety of cell surface receptors in leukocytes results in
the activation of nonreceptor PTKs and of PLC. Several laboratories have
investigated the role of nonreceptor PTKs in the activation of PLC by the
membrane IgM (mIgM) in B lymphocytes, the T cell antigen receptor
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(TCR), the high-affinity IgE receptor (Fc RI) in basophilic leukemia cells,
and IgG receptors (FcyRs) in monocytic cells. The structures of these leu-
kocyte receptors are shown in Fig. 2.

B cells bind antigen via mIgM molecules, which differ from secreted
antibody molecules in the heavy (H) chain carboxy terminus. The H chain
of mIgM contains spacer, transmembrane, and cytoplasmic sequences that
are not found in secreted H chains. Each mIgM H chain has a single
transmembrane-spanning region with a cytoplasmic tail consisting of only
three amino acids, lysine-valine-lysine. In view of this limited cytoplasmic
structure, it seems likely that mIgM transduces signals via associated
proteins. Indeed, recently a disulfide-linked heterodimer of the products of
b29 and mbl was found to be associated with mIgM (111).

Among the early intracellular events triggered by ligation of the mIgM
complex is the activation of PLC and PTKs. To determine whether these
are elements of a common signal transduction pathway, Carter et al. (112)
assessed the effect of three PTK inhibitors on mIgM signal transduction in
human B-lymphoblastoid cell lines. Tyrphostin completely suppressed the
increase in [Ca*]; and the generation of inositol phosphates induced by
ligation of mIgM. Herbimycin and genistein reduced by 30 and 50%,
respectively, the rise in [Ca?‘]; caused by optimal ligation of mIgM, and
they abolished it in cells activated by suboptimal ligation of mIgM. These
investigators also assayed immunoprecipitates obtained with anti-phos-
photyrosine Ab from detergent lysates of B-lymphoblastoid cells for PLC
activity. Ligation of mIgM increased immunoprecipitable PLC activity by
2-fold in 90 sec and 4-fold in 30 min. Specific immunoprecipitation and
Western blot analysis identified tyrosine phosphorylation of PLC-y, after
60 sec of stimulation. Thus, Carter et al. concluded that activation of PLC
in B cells by mIgM requires PTK functions and is associated with tyrosine
phosphorylation of PLC-y,. Candidates for the PTK include the hck and lyn
products and that of a B cell-specific member of the src family, blk.

The TCR complex functions to recognize antigen and to transduce
signals across the plasma membrane. The TCR complex is composed of an
antigen-binding, disulfide-linked heterodimer of a and B chains that is
associated with three nonpolymorphic polypeptides, y, d, and & (collec-
tively termed CD3), and with a disulfide-linked homodimer or hetero-
dimer of § and n chains. Although none of the components of the TCR
complex is a protein kinase, the ligation of the TCR complex activates PTK
activity. Candidates for the TCR-regulated PTK include the products of fyn
and Ick, which are members of the src family. The TCR was recently shown
to coimmunoprecipitate with Fyn from T cells (113) and Lck is known to
be associated with the cytoplasmic tail of CD4, which functions as a core-
ceptor with TCR (114).
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FIGURE 2

Leukocyte receptors known to be functionally coupled to PLC.
Ligation or cross-linking of these receptors, with the exception of
FcyRIIL, has been shown to cause phosphorylation of PLC-y; on
tyrosine residues.
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The ligation of TCR provokes a rapid increase in PLC activity. Earlier
reports suggested that the TCR might belong to the large family of G
protein-coupled receptors. Direct stimulation of G proteins with AlF; or
GTPyS was shown to activate PLC in intact or permeabilized T cell popula-
tions. Recent evidence suggests, however, that protein tyrosine phospho-
rylation participates in the regulatory linkage between the TCR and PLC
in T cells. June et al. (115) demonstrated that the tyrosine phosphorylation
of several intracellular proteins preceded the onset of PIP, hydrolysis or
[Ca*]; increases in anti-CD3 antibody-stimulated T-cells. The hypothesis
that protein tyrosine phosphorylation generates a positive signal for
PIP, hydrolysis received further support from studies indicating that phar-
macological inhibitors of TCR-stimulated PTK activity also block TCR-
dependent PLC activation in T cells (116, 117).

Several laboratories (118-120) therefore investigated whether any of the
PLC isozymes become phosphorylated in T cells in response to TCR stim-
ulation. Park et al. (118) showed that the human T cell line Jurkat contains
PLC-B; and PLC-y,. Treatment of Jurkat cells with antibody to CD3 led to
phosphorylation of PLC-y, but not of PLC-B,. The phosphorylation of
PLC-y, occurred rapidly and transiently on both serine and tyrosine re-
sidues. Tyrosine phosphorylation reached a maximum level less than 1
min after stimulation and then decreased rapidly. Two-dimensional phos-
phopeptide map analysis revealed that the major sites of tyrosine and
serine phosphorylation in PLC-y, from activated Jurkat cells are the same
as those in PLC-y, phosphorylated in cells treated with peptide growth
factors such as PDGF and EGF. Thus, this result suggests that PIP, hydro-
lysis triggered by the TCR is due, at least in part, to activation of PLC-
y; and that the mechanism by which this activation is achieved involves
phosphorylation of multiple tyrosine residues on PLC-y; by a nonreceptor
tyrosine kinase coupled to the TCR complex.

Fc,RI receptor is found exclusively on mast cells and basophils. When
multivalent allergens bind to the receptor-bound IgE, the consequent ag-
gregation of the receptors leads to the release of mediators responsible for
allergic symptoms. Fc,RI is a tetrameric complex comprised of an IgE
binding o subunit, one B subunit, and a dimer of disulfide-linked y sub-
units (121). The PLC-mediated hydrolysis of PIP, is one of the early events
that follow Fc RI aggregation.

The molecular mechanism that couples Fc .RI aggregation to PLC activa-
tion has been the subject of intensive study. Considerable evidence sug-
gests that a G protein participates in the IgE-dependent activation of PLC
(122, 123). Thus, GTPyS mimics the effect of IgE on secretion when in-
troduced into the cytoplasm of mast cells and enhances the formation of
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inositol phosphates when added to permeabilized mast cells. This pro-
posed role for a G protein is in harmony with the fact that Fc Rl is predicted
to have a total of seven transmembrane domains, as is the case for most
receptors that interact with G proteins. However, the G protein hypothesis
is complicated by observations showing that the responses of mast cells
and cognate cells to different stimuli are not affected in the same way by
pertussis toxin. The hydrolysis of PIP, and secretion induced by chemical
stimuli, such as compound 48/80 and 5'-(N-ethyl)carboxamidoadenosine
(NECA), are inhibited by pertussis toxin; in contrast, IgE-stimulated hy-
drolysis of PIP, is resistant to the effects of this toxin (122). These results
suggest that Fc,RI activates PLC through a pertussis toxin-insensitive G
protein, whereas the receptors for compound 48/80 and NECA interact
with a pertussis toxin-sensitive G protein. Alternatively, Fc.RI may activate
PLC by a G protein-independent mechanism. Indeed, Saito et al. (123)
showed that the IgE-dependent formation of inositol phosphates in per-
meabilized cells was neither enhanced by GTPyS nor inhibited by GDPS,
as would be expected if a G protein was involved.

Park et al. (124) recently observed that the rat basophilic leukemia cell
line RBL-2H3 contains PLC-y;, but not PLC-B, and PLC-9,, and that stim-
ulation of these cells with oligomeric IgE elicits a rapid and transient
phosphorylation of PLC-y, on tyrosine residues. Prior incubation of RBL-
2H3 cells with the PTK inhibitor herbimycin A prevented the tyrosine
phosphorylation of PLC-y,, as well as the hydrolysis of PIP,, induced by
oligomeric IgE. However, NECA, which is known to activate PLC through
a G protein, did not elicit tyrosine phosphorylation of PLC-y,. These results
indicate that phosphorylation of PLC-y, by a nonreceptor tyrosine kinase
is the mechanism by which IgE receptor aggregation triggers PLC activa-
tion. The activation of the tyrosine kinase coupled to the IgE receptor also
appears to require an active tyrosine phosphatase, because IgE-induced
PLC-y, tyrosine phosphorylation was prevented by phenylarsine oxide, an
inhibitor of protein-tyrosine phosphatase activity.

Cross-linking of receptors for the Fc domain of IgG (FcyRs) on macro-
phages, monocytes, neutrophils, and natural killer (NK) cells by immune
complexes or opsonized antigen activates a multitude of biological func-
tions, such as antibody-dependent cellular cytotoxicity, phagocytosis, re-
lease of inflammatory mediators, and superoxide production (125). Three
distinct classes of human FcyRs—FcyRI, FoyRII, and FeyRIIl—can be dis-
tinguished on hematopoietic cells on the basis of their structures and
ligand binding affinities (125-127). FcyRI has a relatively high affinity for
monomeric IgG and has three immunoglobulin-like domains in the ex-
ternal portion of the IgG-binding chain. FcyRII and FcyRIII have a low
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affinity for monomeric IgG and have only two immunoglobulin-like do-
mains in their IgG-binding chains (126, 127). Recent molecular cloning
studies suggest that each class of FcyR contains more than one member
(126).

Cross-linking of FcyRIII on NK cells by ligand results in an increase in
[Ca?*]; that is mediated by IP; generated from receptor-dependent hydrol-
ysis of PIP, (128). Aggregation of FcyRIII on NK cells also results in activa-
tion of a nonreceptor PTK (129). Therefore, the FcyRIII-mediated hydrol-
ysis of PIP,in NK cells may also be mediated by phosphorylation of
PLC-y, on tyrosine residues. Common features of the four receptors,
mlgM, TCR, FcRI, and FcyRIIL, all of which are functionally linked to
nonreceptor tyrosine kinases, include relatively short cytoplasmic do-
mains of the ligand-binding chains and noncovalent association of the
ligand-binding chains with disulfide-linked dimers (111, 126, 127). The
disulfide-linked dimer identified in the TCR is either a homodimer or a
heterodimer composed of two closely related polypeptide chains, § and 1
(130, 131). The ligand-binding chain of FcyRIII in NK cells is physically
associated with EE, Ey, or yy dimers (126, 127, 132), whereas only the yy
homodimer is associated with FcRI (126, 133). The mIgM complex also
contains a disulfide-linked heterodimer of two polypeptides encoded by
the mb1 and b29 genes, which exhibit a limited homology to &, v, and n
chains (111). The &, y, and n dimer-forming polypeptides possess short
extracellular domains but substantial intracellular domains, and the latter
are believed to play a central role in transmembrane signaling by inter-
acting with transducing molecules (134, 135).

Despite the considerable sequence homology and similar immuno-
globulin-like domain structure in the extracellular portions of the ligand-
binding chains of the three classes of FcyR, the intracellular portions of the
ligand-binding chains FcyRI and FcyRII are significantly different from that
of FyRIIL. FcyRI and FeyRII have relatively long and highly charged cyto-
plasmic regions compared to FcyRIIL. Furthermore, there is no evidence
that FcyRI and FcyRII are associated with other subunits (127). Never-
theless, cross-linking of either FcyRI or FeyRII in monocytes elicits a rise in
[Ca%); (136-138). Liao et al. (139) recently observed that cross-linking of
either FcyRI or FcyRII in U937 cells resulted in a rapid rise in the con-
centration of IP;as well as in a rapid and transient phosphorylation of
PLC-y, on tyrosine residues. Prior incubation of U937 cells with herbimy-
cin A prevented the tyrosine phosphorylation of PLC-y, as well as the
hydrolysis of PIP, induced by the cross-linking of FcyRs. Thus, both FeyRI
and FcyRII appear to be functionally coupled to a nonreceptor tyrosine
kinase that phosphorylates PLC-y, after receptor cross-linking, thereby
causing activation of PLC-y,.
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Prospective

Eight different isoforms of PLC have been identified in mammalian tissues
and the number is certain to increase. Comparison of amino acid sequences
indicates that these isoforms can be divided into three PLC types—PLC-f,
y, and d—and that each type contains several members.

One of the important questions in signal transduction research concerns
the physiological significance of the existence of multiple forms of proteins
that ultimately carry out identical functions. For PLC, this question can be
partially addressed by the finding that there are at least two distinct
mechanisms for PLC activation: activation of PLC-B;and PLC-y,is
achieved specifically through G, a pertussis toxin-insensitive G protein,
and through phosphorylation by protein tyrosine kinases, respectively. In
many cells G protein-mediated PLC activation is pertussis toxin sensitive,
indicating the involvement of a distinct G protein. As PLC-3, has been
shown not to be activated by G, members of the PLC-8 type may be
effectors of such a G protein.

A single cell type can contain more than one member of the same type
of PLC; for example, most leukocytes contain PLC-y; and PLC-y,. PLC-y, is
also a substrate of protein tyrosine kinases. As G, actually appears to
represent a class of several proteins, such as G,;, G, and Gy, it is likely that
some of these proteins activate PLC-B, and PLC-f;. Thus, one can speculate
about selective interactions between particular members of the PLC-f type
and members of the G, class of proteins or between particular members of
the PLC-y type and different PTKs. One can also speculate that multiple
isoforms of a protein are designed to confer cells with the capability to
respond differently to a variety of regulatory signals. There are numerous
examples of PLC activity being affected by phorbol ester (PKC) or cAMP
(PKA). Responses of PLC activity to these signaling systems vary from
inhibition to activation not only between different cells but also in the same
cells. Some of these diverse responses may be attributable to variation in
the amino acid sequences, especially in the phosphorylation sites, between
different PLC isoforms. Future research should include investigation into
the significance of multiple forms of PLC in relation to the responses of PI
signaling to other second messenger signaling cascades.
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Introduction

Although the hepatocyte is not an inflammatory cell, there is reason to
believe that many of the signaling pathways found in the hepatocyte are
also present in the other types of cells described in this series. In this
chapter we review our work on phosphatidylcholine (PC) breakdown and
hormone action in the rat liver. These studies reflect the tremendous in-
terest in the mechanisms of signal transduction in many laboratories to-
day. In particular, the study of G proteins and of the breakdown of inositol
phospholipids provided the basis for the work described here.

Liver as an Experimental System

The rat liver has many advantages as a system for elucidating the mecha-
nisms of signal transduction. Approximately 10 g of liver is available from
a 250-g rat; the collagenase perfusion method yields 3—-4 g of hepatocytes
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from each liver (1). These hepatocytes are 85-95% viable and respond to
a wide variety of agonists, including epinephrine, norepinephrine, vaso-
pressin, angiotensin II, glucagon, epidermal growth factor, insulin, and
ATP. Hepatocytes can be incubated in Krebs—Henseleit buffer for about 3
hr, or can be kept in primary culture in various culture media. The intact
rat liver can be perfused, and the efflux or influx of metabolites (e.g.,
glucose, lactate, and amino acids) can be measured. Subcellular fractions
are easy to prepare from the liver by a profusion of published methods.
These advantages may well arouse the envy of workers using other cell
types, but the liver also has limitations as an experimental system.

Radioisotopic labeling is often not very effective, given the limited
duration of viability of isolated hepatocytes, necessitating in vivo labeling,
usually by intraperitoneal injection of large amounts of isotope at high
cost. Hepatocytes lose some of their responses to hormones rather quickly
in primary culture, limiting the usefulness of this approach. The abun-
dance of biological material, coupled with the difficulty of radioisotopic
labeling, led us away from isotopic methods to mass measurements and to
an appreciation of the role of PC breakdown in signal transduction.

Diacylglycerol Accumulation

Diacylglycerol (DAG) was first portrayed as a second messenger in the
studies conducted by Nishizuka and colleagues (2, 3), who showed that
protein kinase C (PKC) could be activated by 1,2-DAG. These studies
coincided with the discovery that phosphatidylinositol 4,5-bisphosphate
(PIP,), a quantitatively minor lipid in the plasma membrane, was hydro-
lyzed in response to hormones that elevate intracellular Ca** (4). The prod-
ucts of this hydrolysis were inositol 1,4,5-trisphosphate (IP;), which mo-
bilizes Ca?* from intracellular stores (5), and DAG (Fig. 1). The theory that
the hydrolysis of PIP, gave rise to second messengers in two diverging
pathways was appealing (6, 7) and has proved very popular.

In 1984, when we began to study DAG, it was believed that this lipid
accumulated transiently following stimulation by agonists and was de-
rived from PIP,. This belief was grounded in the theory described above (6,
7) and was supported in part by radioisotopic measurements of DAG.
Since DAG was thought to be generated in very small amounts, mass mea-
surements had been attempted only infrequently. By adapting Hamilton
and Comai’s (8) high-performance liquid chromatography (HPLC) separa-
tion for neutral lipids to detection by refractive index, we were able to
measure 1,2-DAG in hepatocyte extracts (9). In the original method (8) ab-
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FIGURE 1

The inositol phospholipid cycle. DAG, Diacylglycerol; PA,
phosphatidate; PI, phosphatidylinositol; PIP, phosphatidylinositol
phosphate; PIP,, phosphatidylinositol 4,5-bisphosphate; IP;,
inositol 1,4,5-trisphosphate.

sorbance at 206 nm was used to detect lipids, but absorbance increased
greatly with unsaturation of the substituent fatty acids. Refractive index is
not affected by lipid unsaturation, and changes in refractive index are lin-
early related to the amount of lipid. Unfortunately, refractive index detec-
tors are sensitive to pumping irregularities and changes in ambient tem-
perature and eluant composition, while not being particularly sensitive to
DAG. These qualities did not endear the device to us. Bligh and Dyer (10)
extracts from isolated hepatocytes were chromatographed over silicic acid
(to remove phospholipids, which would foul the HPLC column) and in-
jected on a pPorasil silica column (Waters, Milford, MA) (9). The column
was developed isocratically with hexane:isopropanol:acetic acid (100:1:
0.01) at a flow rate of 2 ml/min. Hepatocyte 1,2-DAG eluted in 10-12.5 min
in a bimodal peak following cholesterol (Fig. 2). Isomerization to 1,3-DAG,
which eluted before cholesterol, was less than 5% using this method.

Vasopressin (0.1-100 nM) elicited DAG accumulation with an EC,, of
1.2 nM; phosphorylase was half-maximally activated by 0.09 nM vaso-
pressin, reflecting increases in [Ca?*]; (9) (Fig. 3). The accumulation of DAG
therefore required higher concentrations of vasopressin than did Ca?
mobilization. The amount of DAG in hepatocytes treated with 100 nM
vasopressin rose from control levels of 203 + 49 pmol/mg of wet weight
to two to three times that over a period of 8 min. These quantities of DAG
are equivalent to approximately 1% of the hepatocyte phospholipid.
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HPLC separation of diacylglycerol (DAG). Isolated hepatocytes
were incubated with 10 nM vasopressin for 8 min. The lipids were
then extracted, the phospholipids were removed by silicic acid
chromatography, and the extract was chromatographed as
described in the text. DAG eluted in a bimodal peak at 10-12.5
min. (Adapted from Ref. 9).
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FIGURE 3

The dependence on vasopressin concentration of phosphorylase a
activity and diacylglycerol (DAG) accumulation. Hepatocytes were
incubated with the indicated concentrations of vasopressin for 8
min. Control DAG was 102 + 6 ng/mg of wet weight. (Adapted
from Ref. 9).
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Epinephrine, angiotensin II, and ATP increased DAG levels by 65%,
80%, and 200%, respectively, at maximally effective hormone concentra-
tions. DAG accumulated over about 8 min, usually after a 1- to 3-min lag,
and remained elevated for at least 30 min (Fig. 4). Increases in DAG
required higher concentrations of epinephrine and angiotensin II than did
activation of phosphorylase (9). In contrast to the report by Farese and
colleagues (11) that insulin causes a large rapid increase of DAG, we have
observed an increase of only about 10% in response to this hormone
(unpublished observations).

Sources of DAG

Elevations in the cellular levels of DAG can be due to increased synthesis
or decreased breakdown of the lipid. Hormones may inhibit DAG lipase,
DAG kinase, or DAG acyltransferase to increase DAG levels, but we have
not explored these pathways. Instead, we have concentrated on the for-
mation of DAG from phospholipids by phospholipases. One way to study
the formation of DAG is by analysis of its fatty acid substituents. The fatty
acid composition of hepatocyte 1,2-DAG was determined by gas chroma-
tography of the fatty acid methyl esters (9). The DAG elicited by vaso-
pressin (10 nM) at 8 min contained mainly palmitic, stearic, oleic, linoleic,
and arachidonic acids. The earlier-eluting DAG peak from the HPLC col-
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Minutes after the addition of epinephrine (10 uM)

FIGURE 4

The time course of diacylglycerol (DAG) accumulation and
phosphorylase activation following stimulation by epinephrine.
Hepatocytes were incubated with 10 uM epinephrine for the
indicated times. {Adapted from Ref. 9.)
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umn was enriched in stearic and arachidonic acids, while the second DAG
peak was enriched in palmitic and linoleic acids. The differential elution
from the HPLC column appeared to be a result of these differences in fatty
acid composition. Both peaks of DAG were increased by treatment with
vasopressin and ran true on repeated chromatography. The fatty acid
composition of the DAG elicited by vasopressin differed from that re-
ported for the inositol phospholipids, in which stearic and arachidonic
acids usually predominate. These differences in fatty acid composition led
us to believe that the DAG accumulating in response to hormones was not
derived solely form the inositol phospholipids (9).

Subsequent measurements of the fatty acid composition of the inositol
lipids performed in this laboratory showed that, in hepatocytes, these
lipids do contain some palmitic and linoleic acids, but not enough to
account for the DAG formed (12). Triglycerides, too, have a very different
fatty acid composition from DAG (13). The amount of DAG formed, 130-
400 pmol/mg of wet weight, also indicated that PIP, was not the major
source, as it is present at only 19 pmol/mg of wet weight (12). Phos-
phorylation of PI and PIP could replenish the PIP, (cf. Fig. 1), but PIlevels
do not decline until 15 min after the addition of vasopressin (12). We
interpreted these data as indicative that another lipid, perhaps PC, was the
precursor of DAG. PC is present at concentrations of approximately 18
nmol/mg of wet weight of liver (14), and breakdown of only a small
fraction could account for the DAG formed.

The molecular species of a particular lipid (i.e., the various molecules
containing certain fatty acid substituents) convey more information than
the fatty acid composition of the unfractionated lipid. The presence or
absence of certain molecular species may constitute a “signature” for a
particular lipid and indicate a metabolic relationship. HPLC analysis of
the molecular species of DAG from hepatocytes revealed 12 major peaks
(15) (Fig. 5). Vasopressin produced increases in all of these peaks, but
some were increase more than others, particularly the species of DAG
containing C,q0/Ci61/Cisa/ Crasi Ciso/ Caoai Ciso/ Ciszi Ciso/ Caoas and
Cie0/Cis1s Cigo/ Ciso- A comparison of the molecular species observed in
response to vasopressin with those of PC and PI shows that neither phos-
pholipid gives an exact match to DAG, but that PC is the closer of the two
(15) (Table I). Phosphatidylserine contains large amounts (22%) of
C50/Cpe which is not present in DAG; phosphatidylethanolamine is a
better match than PI, but not as close as PC. We have not determined the
molecular species of PIP,, but from its fatty acid composition, it would be
deficient in C,g,-containing species compared to DAG elicited by vaso-
pressin. The molecular species experiments, like the earlier fatty acid anal-
yses, implicate PC as a source for this DAG (15).
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FIGURE 5

High-performance liquid chromatography (HPLC) of
diacylglycerol (DAG) molecular species. Hepatocytes were
incubated for 10 min with saline (solid line) or 100 nM
vasopressin (dotted line), and the molecular species of DAG were
separated by HPLC. Peaks contained (percentage of total fatty
acids in a given peak is shown in parentheses): I, Ci4 (28),

C16:1 (11)/ CIS:Z (32)/ C22:6 (18)/ H/ C16:0 (37)/ C20:4 (32)/ C18:1 (8)/

Cia3 (6); 1L Cyg0 (35), Cigrs Cig (37), Cog4 (32), Cug (8), Cigs (6%
I, Cy0 (35), Crg (10), Capg (12), Crps (30); IV, Cig (44), Copy (44);
V. Ciso (39) Cig (7), Cig1 (7), Cuga (34); VI, Ci9 (1), Cg (7),
Ciso (8), Cig.1 (37), Cyg2 (29); VIL Cyg (46), IL, Cpq, (43); VIII,

Cieo (10), Cg (40), Cigz (6), Copg (36); IX, Cygg (46), Capy (46); X,
Cig0 (29}, Cigp (16), Cig1 (29), Cig (13), Cap4 (7); XL, Cp (31),
CIS:O (17)/ C18:1 (35)/ C18:2 (ll)r XH/ C16:0 (52)' C18:0 (17)/ C18:1 (9)/
Cyg3 (7). (From Ref. 15.)

Effects of Phorbol Ester and Calcium Ionophore

The calcium ionophore A23187 and the phorbol ester 4B-phorbol 12p-
myristate 13a-acetate (PMA) also elicited increases in DAG (9). These
compounds have been used to study the effects of elevated cellular
Ca? and activation of PKC, respectively. The DAG accumulation observed
with A23187 suggests that a phospholipase may be activated by the rise in
cytosolic Ca* elicited by hormones; however, increases in cytosolic
Ca? are seen at lower concentrations of hormone than is DAG accumula-
tion (Fig. 3). In addition depletion of cellular Ca?* by incubation with the
chelator EGTA inhibited only about 50% of the increase in DAG seen with
vasopressin (9). These findings suggested to us that additional mecha-
nisms mediate the increase in DAG. PMA at 1 uM produced a doubling of
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TABLE I

Molecular Species of DAG in Control and Vasopressin-
Stimulated Hepatocytes and in Hepatocyte PC and PI?

Area (arbitrary units) % of total area
Peak  Control DAG  VASO DAG ADAG ADAG PC PI
I 60 185 125 7.6 8.2 7.0
I 12 34 22 13
I 29 75 46 2.8 51 3.6
v 49 231 182 11.1 21.5 10.8
A 26 69 43 2.6
Vi 39 96 57 3.5 2.6
Vil 219 598 379 23.0 19.3 7.3
VIII 15 64 49 3.0
IX 87 510 423 25.8 22.4 57.6
X 16 43 27 1.6
XI 146 408 262 16.0 16.9 94
XII 15 40 25 15
Total 713 2353 1640 99.8 96.0 95.7

9The DAG species correspond to those shown in Fig. 5. DAG, Diacylglycerol; PC, phosphatidylcholine;
P, phosphatidylinositol; VASO, vasopressin.

DAG levels at 8 min, indicating that PKC may activate phospholipases. In
order for PKC to mediate the effects of hormones on DAG levels, the kinase
itself must first be activated by DAG, raising a chicken-or-egg situation.
The activating DAG may be derived from breakdown of PIP, in amounts
too small for detection by mass measurement or by the hydrolysis of PC
or other lipids stimulated by means other than PKC. While incubation with
A23187 increased DAG in both HPLC peaks, PMA caused the accumula-
tion of DAG predominantly in the later-eluting peak, enriched in palmitic
and linoleic acids (9). The molecular species of DAG containing these fatty
acids were also shown to accumulate, with less accumulation of
Cys0/ Cas than with other agonists. These data support the hypothesis that
PMA selectively effects the hydrolysis of PC. In 1981 Mufson et al. (16)
demonstrated that phorbol esters stimulate the hydrolysis of PC, and
Grove and Schimmel (17) observed that treatment of cultured myoblasts
with PMA elevated DAG levels and that the fatty acid composition of this
DAG resembled that of PC. Interestingly, the phorbol esters inhibit the
hydrolysis of inositol lipids in liver (18, 19), and so can serve as a tool to
dissect the various pathways of hormonal breakdown of phospholipids.

In 1986 two groups published studies of phorbol esters and PC break-
down. Daniel ef al. (20) explored PC breakdown by labeling Madin-Darby
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canine kidney cells with 1-O-[*H]-alkyl-2-lysoglycero-3-phosphocholine,
which is acylated by the cell to form a tritiated 1-alkyl-2-acylglycero-3-
phosphocholine. They showed that treatment with PMA caused the in-
creased synthesis of tritiated 1-alkyl-2-acylglycerol, an analog of DAG.
Besterman and colleagues (21) demonstrated that, in HL-60 promyelocytes
labeled with [*C]oleate, phorbol dibutyrate, another phorbol ester, caused
formation of [“C]DAG. In 3T3-L1 preadipocytes labeled with [*H]choline,
phorbol dibutyrate increased the levels of [*H]phosphocholine both intra-
and extracellularly (21). Down-regulation of PKC by prolonged treatment
with phorbol dibutyrate inhibited subsequent phosphocholine release due
to phorbol ester. Platelet-derived growth factor and serum also stimulated
the release of labeled phosphocholine; however, these effects were only
partially blocked by down-regulation of PKC (21). These studies impli-
cated PKC as a regulator of PC breakdown in a variety of cell types, but
did not rule out other modes of regulation.

The finding that phorbol esters inhibit the breakdown of inositol phos-
pholipids while stimulating PC breakdown has important implications
(Fig. 6). DAG formed in response to agonists would stimulate PKC and
terminate the hydrolysis of PIP, and Ca* mobilization due to IP;. At the
same time, PC hydrolysis and DAG formation would be stimulated in a
positive-feedback mechanism. The two pathways would diverge tempo-
rally, the Ca?®* signal being short-lived and the DAG signal being sus-
tained. This predicted pattern is observed experimentally in the hepato-
cyte. The long-lived DAG signal may be important in the regulation of
gene expression and other events with slow time courses.

It is evident that mass measurements of DAG led to new theories about
hormone action. PC, not PIP,, appears to be the quantitatively major source
of DAG, and DAG elevation is not transient. Control of DAG levels by
intracellular Ca?* and by PKC may mediate the actions of hormones. Dur-

PC PIP2
+ —
> - <
Pcho + DAG DAG + IP3

FIGURE 6

The effect of diacylglycerol (DAG) and protein kinase C (PKC) on
the breakdown of phosphatidylcholine (PC) and
phosphatidylinositol 4,5-bisphosphate (PIP,). Pcho,
Phosphocholine; IP;, inositol 1,4,5-trisphosphate.
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ing the HPLC studies of DAG, a more elegant and sensitive assay was
developed by Preiss et al. (22), using DAG kinase. We were gratified that
the two methods agreed within 5%, and we now use the DAG kinase assay
or thin-layer chromatographic assays routinely. The HPLC method that
served us so well is now relegated to preparative work.

Plasma Membrane Studies

One of the great benefits of working with liver is the easy availability of
large amounts of purified plasma membranes. Irving and Exton (23) pur-
sued the breakdown of PC in the liver plasma membrane, using a radio-
isotopic approach. They injected rats intraperitoneally with tritiated cho-
line, and 18 hr later isolated liver plasma membranes from the injected
animals. When they incubated the membranes with Mg?, they found that
labeled material (choline plus phosphocholine) was released from the
membranes. GTP and its analogs GTPyS, GMPPCP, and GMPPNP stim-
ulated the release of labeled material, but GDPBS did not. This pattern of
stimulation is seen with enzymes activated by G proteins. In addition, ATP
and its analogs ATPyS and AMPPCP stimulated the release of choline plus
phosphocholine. These adenine nucleotides were synergistic with sub-
maximal concentrations of GTPYS in the release of choline and phos-
phocholine (Fig. 7). Vasopressin also produced a small stimulation. These
findings were consistent with the hypothesis that the purinergic agonists
and, to a lesser degree, vasopressin, activate a PC phospholipase C via a
G protein. Since phosphocholine could not be formed from choline in these
incubations, which lacked ATP, its release was indicative of phospholipase
C activity. We were also able to measure the formation of the lipid product
of this enzyme, DAG, under these conditions (23).

Bacterial toxins have been useful probes for G protein function. Cholera
toxin catalyzes the ADP ribosylation of the o subunit of G, the guanine
nucleotide-binding protein that activates adenylate cyclase. This mod-
ification causes great increases in cellular cAMP levels due to the persistent
activation of adenylate cyclase. The islet-activating protein of pertussis
toxin ADP-ribosylates the a subunit of several G proteins, including that
which inhibits adenylate cyclase, G;. This modification causes increases in
cAMP, due to removal of inhibition of adenylate cyclase by G,. Neither of
these toxins, when injected into the rat, had an effect on choline plus
phosphocholine release in isolated plasma membranes. These experiments
appeared to preclude a role for G, or G; in the activation of choline plus
phosphocholine release by GTPyS (23).

The activation by the adenine nucleotides required Ca*, and most of the
experiments were conducted at 400 nM free Ca?*. The possibility that the
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The effect of GTPyS and ATP on the release of tritiated choline
and phosphocholine (P-CHOLINE) from labeled rat liver plasma
membranes. Rats were injected intraperitoneally with tritiated
choline, and plasma membranes were isolated 18 hr later.
Membranes were incubated at 30°C for 5 min with 10 mM

Mg?* and the indicated concentrations of GTPYyS and ATP.
(From Ref. 23.)

nucleotides were acting as purinergic agonists was examined using a
series of agonists and antagonists. The order of potency for PC breakdown
was ATPyS > ATP, ADP, AMPPNP, AMPPCP > adenosine, AMP, and
afmATP, with the order of efficacy ATPyS > ATP > ADP > AMPPNP,
AMPPCP > AMP > apmATP > adenosine. The P,-purinergic antagonist
ofmATP caused some release of labeled choline and phosphocholine,
but also inhibited release due to ATP, thus acting as a partial agonist in
this system. The P,-purinergic antagonist 2,2'-pyridylisatogen (0.2 mM)
inhibited release by 42% in the presence of 0.1 mM ATP and 0.3 uM GTPyS.
The P;-purinergic antagonists phentolamine and quinidine, both at 0.2
mM, inhibited release by only 12%. These data support a P,-purinergic
mechanism for the breakdown of PC in the liver plasma membrane
(23).

The tumor promoter PMA also elicited release of labeled choline and
phosphocholine from liver plasma membranes. PMA has been shown to
activate PKC and increased the release of label from the plasma mem-
branes in the presence of ATP and GTPYS. The effect of PMA could be seen
without added Ca?*', but not at higher Ca?, when the P,-purinergic effects
predominated (23). These data are suggestive of activation of PC break-
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down in the plasma membrane by PKC that is separate from the receptor-
mediated purinergic effect.

Phosphatidate Accumulation

In many cell types phosphatidate (PA) accumulates in response to agon-
ists. Originally, it was thought that this PA was formed by the action of
DAG kinase on DAG formed by phospholipase C acting on inositol phos-
pholipids. This PA was then channeled back into inositol lipids, forming
a cycle (Fig. 1). An alternative view was expressed by Hokin-Neaverson
(24) and by Cockcroft (25), who presented evidence for a phospholipase D
acting on PI. There had been very few measurements of cellular PA in
stimulated cells, and most workers relied on estimates of turnover, using
2P Jabeling. We developed a thin-layer chromatography method, using
two different solvent systems in the same dimension that resolved PA
from the other phospholipids (26). Coomassie Blue, which stains lipids in
addition to proteins (27), was used to visualize the PA in the range of 0.1-2
ug. The plates were then scanned, using a densitometer, and the results
were compared with a standard curve of PA run on every plate. This
method provided the selectivity and sensitivity required to measure PA in
lipid extracts from hepatocytes.

PA levels rose quickly in hepatocytes treated with vasopressin and
peaked before DAG did (26) (Fig. 8). This finding was at odds with the
theory that DAG was the precursor of PA via DAG kinase. The fatty acid
composition of both PA and DAG changed upon hormonal stimulation,
but the changes in PA were evident first. The DAG kinase inhibitors
ethylene glycol dioctanoate (28) and R59 022 (29) did not affect PA or DAG
levels in the presence or absence of vasopressin. Again, the data disagreed
with the concept that PA was formed by DAG kinase. It has been sug-
gested recently that the DAG in neutrophils and HL-60 granulocytes is
derived from PA by the action of PA phosphohydrolase (30) (Fig. 9). Our
data are consistent with this model, but we also have evidence of a PC
phospholipase C pathway acting in hepatocytes (see “Plasma Membrane
Studies” under “Phosphatidate Accumulation”), which may be a source of
DAG. Vasopressin elicited similar amounts of PA and DAG, a total
equivalent to 1-2% of the hepatocyte phospholipid. This PA and DAG
remained associated with the hepatocyte (unpublished observations) and
was not secreted, as observed by Murayama and Ui (31) in the thrombin-
stimulated rabbit platelet.

The other Ca?*-mobilizing agonists, angiotensin II, epinephrine, ATP,
and epidermal growth factor, also raised PA levels within minutes (26). In
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FIGURE 8

Time course of phosphatidate (PA) and diacylglycerol (DAG)
accumulation in hepatocytes stimulated with vasopressin.
Hepatocytes were incubated with 10 nM vasopressin for the
indicated times. (Redrawn from Ref. 26.)

hepatocytes all of the known Ca*-mobilizing agonists increased the con-
centrations of PA and DAG. Thus far we have found no agonist that
increases PA and DAG levels that does not also mobilize Ca?*, with the
exception of exogenously added phospholipases. We are uncertain wheth-
er this is a peculiarity of liver or whether it reflects an important coupling
of the pathways. In some cultured cell lines growth factors can increase
DAG levels without an increase in cytosolic Ca?* (32), but this may be a
result of changes in culture. Alternatively, certain agonists may increase

PC

PHOSPHOLIPASE D

PHOSPHATIDATE PHOSPHOHYDROLASE

P} ~—]

DAG
FIGURE 9

Possible pathway for diacylglycerol (DAG) formation from
phosphatidylcholine (PC) via phospholipase D and phosphatidate
(PA) phosphohydrolase. P, Inorganic phosphate.
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cellular levels of PA or DAG, but not Ca?*, as an intrinsic feature of their
signaling pathway.

Plasma Membrane Studies

To explore the mechanism of PA formation, we took advantage of the liver
plasma membrane system, which had been used previously to examine the
breakdown of polyphosphoinositides and PC in our laboratory (33). When
a washed plasma membrane preparation was incubated with Mg?* at 37°C,
PA was formed for about 10 min after a 1- to 2-min lag (26) (Fig. 10). When
GTPYS, a poorly hydrolyzable analog of GTP, was included in the incuba-
tion, more PA was formed. The reaction was half-maximally stimulated by
1.5 uM GTPyS, and so was similar to reactions stimulated by G proteins.
The activation by GTPyS was blocked by GDPgS, a GDP analog. These
findings were consistent with a process regulated by a G protein.
Aluminum fluoride, which activates G proteins, is another tool com-
monly used in G protein research. This salt caused a profound inhibition
of PA formation in the plasma membrane preparation, even in the pres-
ence of excess Mg* (magnesium fluoride is poorly soluble). Aluminum
fluoride seems to have a direct inhibitory effect on the formation of PA,
although we have not ruled out the presence of an inhibitory G protein. We
originally reported that aluminum fluoride was without effect on PA

1

®
/1
8 It +GTPyS(10uM)

PA, ug/mg PROTEIN
(o))
\\

2l CONTROL

TIME (MINUTES)
FIGURE 10

The effect of GTPYS on phosphatidate (PA) formation by rat liver
plasma membranes. Plasma membranes were incubated for the
indicated times with 10 mM Mg2+ and water or 10 uM GTPyS.
(From Ref. 26.)
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levels in intact hepatocytes, and we proposed that it might be useful in
dissecting out the role of PA in hormonal responses (26). In later experi-
ments with higher concentrations of fluoride and longer time courses
(unpublished observations), we have observed accumulation of PA in
intact hepatocytes. This effect of fluoride in intact cells was not blocked by
desferoxamine, a high-affinity chelator of aluminum, which may indicate
that fluoride is not acting through a G protein in intact cells. Thus fluoride
has not proved as useful as we had hoped.

Cholera toxin, which modifies the o subunit of G,, and pertussis toxin,
which modifies G;, were without effect on the amount of PA elicited by
vasopressin in intact hepatocytes (26). These holotoxins require activation
by the cell in order to become active, but the o subunits of the toxins do
not require activation and can be used in cell-free preparations. The o
subunits of the toxins had no effect on PA levels in the plasma membrane
preparations, in the presence or absence of GTPys. These incubations were
performed with NAD, which is necessary for the ADP ribosylation reac-
tions catalyzed by the toxins. Again, it appeared that neither G, nor G, is
involved in PA production.

The accumulation of PA in plasma membranes did not require the
addition of ATP, and incubation with [**P]ATP did not lead to incorpora-
tion of the label into PA. Formation of PA by the action of DAG kinase was
thus excluded. An alternative pathway for PA production was by phos-
pholipase D. A phospholipase D activity producing PA from PI had been
described previously by Hokin-Neaverson (24) and by Cockcroft (25). Taki
and Kanfer (34) described and partially purified a phospholipase D in rat
brain acting on PC. Phospholipase D had been studied primarily in plants
and, prior to Taki and Kanfer’s work, many biochemists had believed that
animals did not possess this enzyme. It has been argued that, even in
plants, the phospholipase D was not active in vivo (35). The cellular func-
tion of phospholipase D was unknown. The PI phospholipase D activity
was stimulated by agonists, but the PC-hydrolyzing activity had not been
investigated in this regard. When liver plasma membranes were incubated
with the chelator EGTA, which blocked the breakdown of the inositol
lipids (33), the accumulation of PA was reduced by about one-third (26).
This inhibition was reversed by the addition of sufficient Ca* to achieve a
calculated free Ca® of 72 nM. We incubated plasma membranes with
EGTA and Mg?, with or without GTPYS, for 10 min and separated the
lipids by two-dimensional thin-layer chromatography. The phospholipids
were then measured by phosphorus analysis; PC was the only phos-
pholipid to break down under these conditions, and the amount of break-
down in incubations containing GTPyS was more than enough to account
for the PA produced in the experiment (Table II). This was a clear demon-
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stration that the membranes contained a phospholipase D activity acting
on PC and stimulated by GTPYS (26).

To confirm this finding, we measured the release of choline and phos-
phocholine mass using the choline kinase assay (26). When plasma mem-
branes were incubated with GTPyS and Mg?, both choline and phos-
phocholine were released (Fig. 11A), in amounts similar to the PC
breakdown measured by phosphorus analysis above (Table II). The release
of choline and phosphocholine paralleled the formation of PA and DAG in
the same experiment (Fig. 11B). This experiment demonstrated the pre-
sence of both phospholipase D and C activities in the plasma membrane.
Since ATP was not included in the incubation, the presence of PA and
choline is indicative of a phospholipase D. Similarly, the presence of both
DAG and phosphocholine is indicative of a phospholipase C, confirming
the work by Irving and Exton (23) described above. The absolute amount
of choline and phosphocholine formed (and of PC breakdown) was greater
than DAG plus PA formation (Fig. 11 and Table II); this may result from
breakdown of DAG and PA during the incubation or from activation of
other phospholipases (e.g., A,) by GTPyS.

We attempted to show a hormonal activation of this phospholipase D
(26). In previous work with the membrane system, it had been shown that
Ca2*-mobilizing hormones could stimulate the hydrolysis of PIP, in the
presence of Ca* and a subsaturating amount of GTPyS (33). Under these
conditions only ATP and ADP were effective in stimulating phospholipase
D activity. Vasopressin, angiotensin II, and epinephrine were without
significant effect. The effect of ATP was not a result of phosphorylation, as
ADP was equally effective. It appears that the adenine nucleotides act

TABLE II
Effects of GTPyS on Phospholipid Levels in Hepatic Plasma
Membranes”
GTPyS SM PC PS + PI PA PE
- 544 + 5.8 146.3 + 193 739+ 638 38+11 699 + 89
+ 563+ 74 130.2 £ 17.2° 772+53 116 + 0.6 714+ 77

?Plasma membranes were incubated with or without 20 pM GTPyS in the absence of added Ca2* for 10
min. The phospholipids were separated by two-dimensional thin-layer chromatography and analyzed for
PO,. Values are expressed as nanomoles per milligram of protein and are the means * SE of four separate
experiments conducted in triplicate. SM, Sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylser-
ine; PI, phosphatidylinositol; PA, phosphatidate; PE, phosphatidylethanolamine. (From Ref. 26.)
bDifferent from control (p < 0.01, paired ¢ test).
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FIGURE 11

The effect of GTPYS on the production of choline (cho),
phosphocholine (Pcho), phosphatidate (PA), and diacylglycerol
(DAG) by plasma membranes. (A) Choline and phosphocholine
were measured by the choline kinase assay after incubation of
plasma membranes for the indicated times with (+) or without (-)
20 uM GTPyS. (B) DAG and PA were measured by thin-layer
chromatography. (From Ref. 26.)

through a P,-purinergic receptor, which has been described in the rat liver
(see “Plasma Membrane Studies” under “Diacylglycerol Accumulation”).
As yet we have no insight into the lack of efficacy of the other Ca?-
mobilizing hormones, but it may be that, in liver, only the purinergic
receptor is coupled to the phospholipase D directly via a G protein. The
other agonists may activate the phospholipase by other mechanisms or
may elevate PA through other pathways.
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Phosphatidylethanol Formation

Another means of estimating phospholipase D activity is by the formation
of phosphatidylethanol. It has long been known that the plant phospho-
lipases D can catalyze a transphosphatidylation reaction in addition to the
usual hydrolytic reaction (36) (Fig. 12). In transphosphatidylation an alco-
hol reacts with PC to form a phosphatidylalcohol. Short-chain alcohols
(e.g., ethanol) have been used most frequently, but the transphosphatidyl-
ation reaction has been used in the synthesis of other phosphatidyl com-
pounds. Phospholipase D is the only enzyme reported to form phos-
phatidylethanol, and the formation of the lipid is taken as a measure of
phospholipase D activity (30). Another advantage of measuring phos-
phatidylethanol is that the lipid is virtually undetectable in the absence of
ethanol, providing a low background. When hepatocytes were treated
with ethanol and vasopressin, angiotensin II, or epinephrine, phosphati-
dylethanol was formed (37) (Fig. 13). This was the first demonstration of
a hormonal stimulation of phosphatidylethanol formation; previous stud-
ies had shown an effect of phorbol esters (38). Phosphatidylethanol syn-
thesis in plasma membranes could be stimulated with GTPyS, and trans-
phosphatidylation (i.e., phosphatidylethanol formation) was competitive
with hydrolysis (i.e., PA formation) (37).

The experiments with phosphatidylethanol lent support to the hypoth-
esis that phospholipase D is activated by hormones in hepatocytes. We
have since found that phosphatidylethanol is more resistant than is PA to

PHOSPHATIDATE
|

HYDROLYSIS

H20—»
PHOSPHATIDYLCHOLINE

ETHANOL—»
TRANSPHOSPHATIDYLATION

y
PHOSPHATIDYLETHANOL

FIGURE 12

Transphosphatidylation and hydrolysis catalyzed by
phospholipase D.
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FIGURE 13

Effect of Ca?*-mobilizing hormones on phosphatidylethanol and
phosphatidate accumulation in rat hepatocytes. Hepatocytes were
incubated for 20 min with (for phosphatidylethanol) or without
(for phosphatidate) 70 mM ethanol followed by 10 min with the
indicated hormone [100 nM vasopressin (VASO), 100 nM
angiotensin 1I (ANGIO II), or 10 uM epinephrine (EPI)].
Phosphatidylethanol and phosphatidate were quantitated by
thin-layer chromatography and densitometry. (Data from Ref. 37.)

hydrolysis by detergent-activated membrane PA phosphohydrolase (un-
published observations). The assumption that phosphatidylethanol is not
a good substrate for PA phosphohydrolase has spawned experiments in
which the suppression of hormone-elicited DAG by high concentrations of
ethanol is taken as evidence of DAG formation from PA via this enzyme.
The pathway would then involve PA formation from PC by phospholipase
D, followed by DAG formation from PA by PA phosphohydrolase (Fig. 9).
Evidence is accumulating that this pathway may be important in some cell
types, but caution must be exercised regarding the effects of high con-
centrations (typically 200-400 mM) of ethanol. Mueller and colleagues (39)
have shown that white blood cells from male alcoholics can synthesize
more phosphatidylethanol than can those from normal controls. This may
indicate that induction of phospholipase D is a marker for excessive alco-
hol consumption or predisposition to alcoholism, but hormonal effects on
phospholipase D should be kept in mind in this context.

Properties of the Plasma Membrane
Phospholipase D

The phospholipase D of rat liver plasma membranes appears to be an
intrinsic membrane protein, as it is not removed by treatment with high
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concentrations of salt or by chelators. Detergents of widely varying struc-
tures are uniformly inhibitory to the membrane activity, often at con-
centrations below the critical micellar concentration. This inhibition is not
reversed by removal of the detergents by dialysis or gel filtration. The
phospholipase D activity requires Mg?*, other divalent cations being in-
effective. This may be partially a result of a requirement for the Mg?* salt
of GTPyS for activation. Ca?* activates by about 33% in the range of 74 nM
to 50 uM, but is inhibitory above this range. The addition of purified
calmodulin, or the calmodulin-dependent protein kinase II plus calmodu-
lin and ATP, did not activate the phospholipase D in the presence of Ca?".
It appears that the Ca?* requirement may be intrinsic to the enzyme or may
be due to the presence of multiple forms of phospholipase D. We have not
observed large activations of membrane phospholipase D by Ca®* that
could explain the large PA accumulation in hepatocytes treated with the
Ca?* ionophore A23187 (26).

Many compounds are inhibitory to the phospholipase D activity, in-
cluding fluoride, diethyl ether, oleate, chlorpromazine, and propranolol
(unpublished observations), all of which have been useful in the study of
phospholipase D from other tissues and species. The pH optimum for the
phospholipase is approximately 7.5, with very little activity detected be-
low pH 7.0. The brain enzyme, studied by Chalifour and Kanfer (40), was
optimally active at pH 6.5 in the presence of 50 mM fluoride and 10 mM
EDTA. The enzyme from liver plasma membranes is totally inactive under
these conditions and may be another isoenzyme. The rat brain enzyme is
inactive using conditions that are optimal for the liver enzyme, and we
have been unable to show stimulation of the brain enzyme by GTPyS
(unpublished observations).

In Vivo Measurements of DAG and PA in
the Regenerating Liver

The concentrations of hormones that increase PA and DAG in hepatocytes
are higher than those elevating [Ca?*]; (9, 26, 41). For example, vasopressin
half-maximally activated phosphorylase at 0.09 nM, but PA and DAG
accumulation was half-maximal at about 1.2 nM. Similar discrepancies are
observed for epinephrine and angiotensin II. The circulating levels of these
hormones are far below the concentrations needed to elicit increases in PA
and DAG; the blood vasopressin level is approximately 2.5-40 pM (42).
Glucagon greatly potentiates all of the Ca?*-mobilizing hormones (43), but



CHAPTER 4 Phosphatidylcholine Metabolism 109

the accumulation of DAG and PA requires high concentrations of hormone
even in the presence of glucagon (9, 26). It may be argued that noradre-
nergic neurons impinging on the liver provide sufficient hormone to elicit
PA and DAG, but we have not yet examined this. It should be pointed out
that virtually all of the work on agonist effects on DAG and PA had been
done with isolated or cultured cells, and the possibility remained that
increases in PA and DAG do not occur in vivo.

To explore the relevance of DAG and PA in vivo, we chose to examine
a fascinating biological phenomenon: the regenerating liver. When two-
thirds of a rat’s liver is removed, the remaining lobes hypertrophy to
restore the original mass of the liver in about 2 weeks (44). The liver, which
is usually quiescent, undergoes a vigorous proliferation and exhibits large
increases in DNA synthesis. What is equally interesting is that there is a
return to quiescence just at the point when the original mass is restored.
The partially hepatectomized rat has been studied by numerous workers,
but despite their efforts, the mechanisms controlling regeneration are not
yet known. Both PA (45-47) and DAG (48) are mitogens for certain cul-
tured cells; that is, they increase the incorporation of tritiated thymidine
into DNA, actually a measure of DNA synthesis and not mitogenicity per
se. We wanted to determine whether these lipids played any part in the
regeneration of liver. In preliminary experiments we found that variability
between animals was much greater than we were accustomed to in our
previous work with isolated hepatocytes and plasma membrane prepara-
tions. The thin-layer chromatographic assays for DAG and PA, as useful
as they had been, were not precise enough for the in vivo work. For DAG
the DAG kinase assay offered superior precision (22); for PA we devised
a new assay that was far more reproducible and sensitive than previous
methods (49). PA was first separated from lyso-PA on silicic acid mini-
columns, then deacylated by the gentle procedure, using methylamine as
described by Clarke and Dawson (50). The glycerol phosphate formed was
then assayed using glycerol phosphate dehydrogenase, and the product,
NADH, was measured by HPLC (51). This assay may appear laborious,
but we could assay up to 50 extracts in 1 day.

The levels of both DAG and PA were significantly higher in the right
lobe of partially hepatectomized rats (Fig. 14) when compared to sham-
operated controls (in the two-thirds hepatectomy the left and median lobes
are removed) (52). This effect was evidence as early as 30 min after surgery,
making it one of the earliest observed. Triglyceride also accumulated in
livers from partially hepatectomized rats but not until 8-24 hr (52), when
the liver became visibly fatty. The changes in PA and DAG occurred before
the large increase in DNA synthesis, which starts at about 12 hr post-
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Accumulation of (A) diacylglycerol (DAG) and (B) phosphatidate
(PA) in the right lobes of livers from partially hepatectomized and
sham-operated rats. (From Ref. 52.)

hepatectomy. The hormonal control of liver regeneration has been in-
vestigated by many workers, who have determined that norepinephrine
(53), vasopressin (54), epidermal growth factor (55), glucagon (56), and
insulin (56) are necessary for regeneration. The first three hormones have
been shown to elicit PA and DAG in isolated hepatocytes, and glucagon
potentiates the actions of norepinephrine and vasopressin (9, 26, 43). Taken
together, these facts suggest that these lipids may function in the control
of DNA synthesis and mitogenesis.

Both PA and DAG are mitogenic for cultured fibroblasts (45-48). We
tested whether PA and DAG caused increased tritiated thymidine in-
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corporation into DNA in isolated hepatocytes cultured under serum-free
conditions (57). Neither lipid was effective at concentrations up to 100
pg/ml, under conditions in which norepinephrine stimulated thymidine
incorporation 4-fold (unpublished observations; 57). PA was cytotoxic at
high concentrations, but bovine serum albumin protected against this
toxicity. The negative results seen with PA may be a result of its inability
to reach the inner leaflet of the plasma membrane, as reported by Pagano
and Longmuir (58). The role of PA and DAG in liver regeneration remains
unclear, but we achieved our goal of observing increases in these lipids
under physiological conditions.

Role of DAG and PA in Liver Function

The role of sustained increases in DAG due to the breakdown of PC may
be the biological counterpart of stimulation of hepatocytes with PMA. In
hepatocytes PMA produced decreases in PIP, hydrolysis elicited by vaso-
pressin and epinephrine (18, 19), slowly inhibited glycogen synthase (59),
and stimulated the Na* pump (60). The short-chain DAGs, which have
proved so useful in other cell types, are rapidly hydrolyzed by hepatocytes
and have not been helpful to us (unpublished observations). One might
theorize that the sustained elevation of DAG regulates cellular events with
prolonged time courses (e.g., synthesis of organelles and gene regulation).
Unfortunately, isolated hepatocytes in suspension have a lifetime of only
a few hours, insufficient for this type of investigation. With the exception
of the mitogenicity study described above, we have not examined the
effects of PMA and DAG on cultured cells, in which the time frame is more
appropriate. Consequently, the effects of prolonged elevation of DAG
await exploration.

The role of PA is also largely unknown. An oft-reported effect of PA is
to elevate [Ca*]; (31, 45). We have found that PA supplied “dry” (ie.,
oxidized) by the manufacturer can cause mobilization of intracellular Ca?".
Fresh unoxidized PA had no effect on hepatocyte [Ca?*]; (unpublished
observations). It appears that this effect may be due to a product of PA
breakdown (e.g., lyso-PA) which mobilizes Ca* (61), and not to PA itself.
We have observed that exogenously added PA lowered the amount of
cAMP produced in response to glucagon, through a pertussin toxin-sen-
sitive mechanism (62). This effect of PA has been described in other types
of cells, using other agonists, and is apparently mediated by G, the gua-
nine nucleotide-binding protein that inhibits adenylate cyclase (31). We
have also observed that exogenous PA can activate phosphorylase via a
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pathway that does not involve increases in [Ca*]; or cAMP, the known
activators of phosphorylase through phosphorylase kinase (62).

In an attempt to explain the effect of PA on phosphorylase, we have
begun to investigate its role in protein phosphorylation. A protein kinase
could mediate some of the effects of PA within the cell, similarly to other
second messenger systems. Both phosphorylase kinase (63) and PKC (64)
are known to be activated by PA. We have observed PA-dependent phos-
phorylation of certain proteins in rat liver cytosol that are not due to PKC,
but this area will remain unclear until the kinase(s) responsible is purified.
We are currently attempting this task.

Future Directions

Although we have learned much about PC breakdown in the past few
years, much more is unknown. Augert ef al. (15) recently presented evi-
dence that multiple pools of PC are present in the hepatocyte and that PA
and DAG may be formed from separate pools of PC. They labeled isolated
hepatocytes with tritiated 1-O-alkyl-2-lysoglycero-3-phosphocholine to la-
bel the cellular (alkyl) PC. With labeling periods of 5-30 min, vasopressin
elicited the accumulation of labeled alkylacylglycerol (the analog of DAG),
but not labeled alkyl-PA. Similar findings were observed when radioactive
lyso-PC, PC, or phosphatidylethanolamine were used in short-term label-
ing periods. If tritiated 1-O-alkyl-2-lyso-glycero-3-phosphocholine were
injected intraportally 20 hr prior to isolation of the hepatocytes, vasopress-
in could elicit both labeled (alkyl) PA and DAG (15). Thus, it appears that
PA and DAG may be formed from separate pools of PC. We are presently
investigating the nature and location of these pools.

The Phospholipases C and D that hydrolyze PC appear to be localized
to the plasma membrane. PC is present at approximately 18 nmol/mg of
wet weight in the hepatocyte (14), but only 1-2% is localized in the plasma
membrane. The amounts of PA and DAG that are formed in response to
vasopressin at 100 nM are roughly equivalent to all of the PC in the plasma
membrane. This would not be compatible with life for the cell unless the
PC were rapidly reformed or reincorporated into the membrane. To com-
pound matters it is almost certain that PC in only one of the leaflets of the
plasma membrane is hydrolyzed. We theorize that DAG and PA are
shuttled out of the plasma membrane and that membrane PC is rapidly
replenished by some mechanism(s). Pelech and Vance (65) pointed out that
the breakdown and resynthesis of PC are part of a cycle; the hormonal
regulation of this cycle will engage researchers for some time to come.



CHAPTER 4 Phosphatidylcholine Metabolism 113

R

1

2.

e

[E—

e
[S1I" O ]

16.
17.
18.

19.
20.
21

22.

23.
24.
25.
26.

27.
28.
29.
30.

31
32.

33
34
35

— OO ™ N O U R

eferences

. P.F. Blackmore and J. H. Exton, in “Methods in Enzymology” (L. Birnbaumer and B. W.

O’Malley, eds.), Vol. 109, pp. 550-558. Academic Press, Orlando, Florida, 1985.

A. Kishimoto, Y., Takai, T. Mori, U. Kikkawa, and Y. Nishizuka, . Biol. Chem. 255,

2273-2276 (1980).

M. Go, K. Sekiguchi, H. Nomura, U. Kikkawa, and Y. Nishizuka, Biochem. Biophys. Res.

Commun. 144, 598-605 (1987).

A. A. Abdel-Latif, R. A. Akhtar, and ]J. N. Hawthorne, Biochem. ]. 162, 61-73 (1977).

. H. Streb, R. F. Irvine, M. ]. Berridge, and I. Schultz, Nature (London) 306, 67-69 (1983).

M. ]. Berridge, Biochem. ]. 220, 345-360 (1984).

Y. Nishizuka, Science 225, 1365-1370 (1984).

. J. G. Hamilton and K. Comai, ]. Lipid Res. 25, 1142-1148 (1984).

. S. B. Bocckino, P. F. Blackmore, and J. H. Exton, ]. Biol. Chem. 260, 14201-14207 (1985).

. E. G. Bligh and W. ]. Dyer, Can. ]. Biochem. Physiol. 37, 911-917 (1959).

. D. R. Cooper, H. Hernandez, J. Y. Kuo, and R. V. Farese, Arch. Biochem. Biophys. 276,
486494 (1990).

. G. Augert, P. F. Blackmore, and J. H. Exton, ]. Biol. Chem. 264, 2574-2580 (1989).

. B.J. Holub and A. Kuksis, Adv. Lipid Res. 16, 1-125 (1978).

. G. M. Patton, J. M. Fasulo, and S. J. Robins, ]. Lipid Res. 23, 190-196 (1982).

. G. Augert, S. B. Bocckino, P. F. Blackmore, and J. H. Exton, J. Biol. Chem. 264, 21689-21698

(1989).

R. A. Mufson, E. Okin, and 1. B. Weinstein, Carcinogenesis 2, 1095-1102 (1981).

R. I. Grove and S. D. Schimmel, Biochem. Biophys. Res. Commun. 102, 158-164 (1981).

C.J. Lynch, R. Charest, S. B. Bocckino, J. H. Exton, and P. F. Blackmore, ]. Biol. Chem. 260,

2844-2851 (1985).

R. H. Cooper, K. E. Coll, and J. R. Williamson, J. Biol. Chem. 260, 3281-3288 (1985).

L. W. Daniel, M. Waite, and R. L. WyKle, . Biol. Chem. 261, 9128-9132 (1986).

J. M. Besterman, V. Duronio, and P. Cuatrecasas, Proc. Natl. Acad. Sci. U.S.A. 83, 6785

6789 (1986).

J. Preiss, C. R. Loomis, W. R. Bishop, R. Stein, J. E. Niedel, and R. M. Bell, J. Biol. Chem.

261, 8597-8600 (1986).

H. R. Irving and J. H. Exton, ]. Biol. Chem. 262, 3440-3443 (1987).

M. Hokin-Neaverson, Biochem. Biophys. Res. Commun. 58, 763-768 (1974).

S. Cockcroft, Biochim. Biophys. Acta 795, 37—46 (1984).

S. B. Bocckino, P. F. Blackmore, P. B. Wilson, and J. H. Exton, ]. Biol. Chem. 262, 15309—

15315 (1987).

K. Nakamura and S. Handa, Anal. Biochem. 142, 406—410 (1984).

W. R. Bishop, B. R. Ganong, and R. M. Bell, J. Biol. Chem. 261, 6993-7000 (1986).

D. de Chaffoy de Courcelles, P. Roevens, and H. Van Belle, . Biol. Chem. 260, 15762-15770

(1985).

M. M. Billah, S. Eckel, T. J. Mullmann, R. W. Egan, and M. L Siegel, J. Biol. Chem. 264,

17069-17077 (1989).

T. Murayama and M. Ui, . Biol. Chem. 262, 55225529 (1987).

T. M. Wright, L. A. Rangan, H. S. Shih, and D. M. Raben, ]. Biol. Chem. 263, 9374—9380

(1988).

. R.J. Uhing, V. Prpic, H. Jiang, and J. H. Exton, ]. Biol. Chem. 261, 2140-2146 (1986).

. T. Taki and J. N. Kanfer, ]. Biol. Chem. 254, 9761-9765 (1979).

. P. G. Roughan and C. R. Slack, Biochim. Biophys. Acta 431, 86-95 (1976).



114  Stephen B. Bocckino and John H. Exton

36
37
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

. R. M. C. Dawson, Biochem. J. 102, 205-210 (1967).

. S. B. Bocckino, P. B. Wilson, and J. H. Exton, FEBS Lett. 225, 201-207 (1987).

. S. A. Wrighton, ].-K. Pai, and G. C. Mueller, Carcinogenesis 4, 1247-1251 (1983).

. G. C. Mueller, M. F. Fleming, M. A. LeMahieu, G. S. Lybrand, and K. J. Barry, Proc. Natl.
Acad. Sci. U.S.A. 85, 9778 -9782 (1988).

R. Chalifour and J. N. Kanfer, J. Neurochem. 39, 299-305 (1982).

C.J. Lynch, P. F. Blackmore, R. Charest, and J. H. Exton, Mol. Pharmacol. 28, 93-99 (1985).
F. L. Dunn, T.]. Brennan, A. E. Nelson, and G. L. Robertson, |. Clin. Invest. 52, 3212-3219
(1973).

N. G. Morgan, R. Charest, P. F. Blackmore, and J. H. Exton, Proc. Natl. Acad. Sci. U.S.A.
81, 4208-4212 (1984).

G. M. Higgins and R. M. Anderson, Arch. Pathol. 12, 186-202 (1931).

W. H. Moolenaar, W. Kruijer, B. C. Tilly, L. Verlaan, A. J. Bierman, and 5. W. de Laat,
Nature (London) 323, 171-173 (1986).

D. W. Siegmann, Biochem. Biophys. Res. Commun. 145, 228-233 (1987).

C.-L. Yu, M.-H. Tsai, and D. W. Stacey, Cell 52, 63-71 (1988).

E. Rozengurt, A. Rodriguez-Pena, M. Coombs, and J. Sinnett-Smith, Proc. Natl. Acad. Sci.
U.S.A. 81, 5748-5752 (1984).

S. B. Bocckino, P. Wilson, and J. H. Exton, Anal. Biochem. 180, 24-27 (1989).

N. G. Clarke and R. M. C. Dawson, Biochem. J. 195, 301-306 (1981).

T. F. Kalhorn, K. E. Thummel, S. D. Nelson, and J. T. Slattery, Anal. Biochem. 151, 343347
(1985).

S. B. Bocckino, P. B. Wilson, and J. H. Exton, Biochem. Biophys. Res. Commun. 104, 290-294
(1989).

J. L. Cruise, S. J. Knechtle, R. R. Bollinger, C. Kuhn, and G. Michalopoulos, Hepatology 7,
1189-1194 (1987).

W. E. Russell and N. L. Bucher, Am. |. Physiol. 245, G321-G324 (1983).

P. S. Olsen, S. Boesby, P. Kirkegaard, K. Therkelson, T. Almdal, S. S. Paulsen, and E.
Nexo, Hepatology 8, 992—-996 (1988).

N. L. Bucher and M. N. Swaffield, Proc. Natl. Acad. Sci. U.S.A. 72, 1157-1160 (1975).

J. L. Cruise, K. A. Houck, and G. Michalopoulos, Science 227, 749-751 (1985).

R. E. Pagano and K. J. Longmuir, J. Biol. Chem. 260, 1909-1916 (1985).

P. F. Blackmore, W. G. Strickland, S. B. Bocckino, and J. H. Exton, Biochem. J. 237, 235-242
(1986).

C.J. Lynch, P. B. Wilson, P. F. Blackmore, and ]. H. Exton, J. Biol. Chem. 261, 14551-14556
(1986).

K. Jalink, E. J. van Corven, and W. H. Moolenaar, . Biol. Chem. 265, 12232-12239 (1990).
S. B. Bocckino, P. F. Blackmore, and J. H. Exton, FASEB J. 2, A1367 (1988).

A. L. Negami, H. Sasaki, and H. Yamamura, Biochem. Biophys. Res. Commun. 131, 712-719
(1985).

. K Kaibuchi, Y. Takai, and Y. Nishizuka, J. Biol. Chem. 256, 7146-7149 (1981).

. S. L. Pelech and D. E. Vance, Trends Biochem. Sci. 14, 28-30 (1989).



-~

CHAPTER 5

Calcium Translocation
in Signal
Transduction

Christian Van Delden, Marisa E. E. Jaconi,
Didier Pittet, Nicolas Demaurex, Karl-Heinz Krause,
and Daniel P. Lew

Infectious Diseases Division
Geneva University Hospital
1211 Geneva, Switzerland

Introduction

Neutrophils are vital for human defense not only against bacteria and
fungi, but they also play an important role against viruses and protozoa
(1, 2). Neutrophils are among the most motile mammalian cells, contin-
uously leaving the vascular compartment and crawling into tissues in
search of invading microorganisms. When they encounter such targets,
which they recognize through specific cell surface receptors, signal trans-
duction occurs, leading to a variety of biological responses. These include
adherence, directional movement (chemotaxis), engulfment (phagocy-
tosis), and secretion of granule contents (exocytosis), as well as generation
of highly reactive oxygen metabolites at the level of the plasma membrane
(the respiratory burst). The integrity and sequence of all these events are
essential for the broad antimicrobial activity of these cells, as clearly dem-
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onstrated by the recurrent infections observed in patients with specific
genetic defects in any of these steps (3).

Early in the 1980s it was discovered that a large variety of receptors for
hormones, neurotransmitters, and, more specifically, several types of re-
ceptors in neutrophils are coupled via a family of nucleotide (GTP)-bind-
ing proteins to a plasma membrane phospholipase C (4). Phospholipase C
cleaves phosphatidylinositol bisphosphate (PtInsP,) into inositol trisphos-
phate [Ins(1,4,5)P;] and diacylglycerol (DAG). The two latter compounds
act as intracellular messengers which mobilize calcium from intracellular
stores and activate protein kinase C, respectively.

In more recent years the wealth of discovery in the field is such that only
some—arbitrarily chosen—major reviews and key articles can be cited
here. Important advances in this field have indicated the following;:

1. The inositol phosphate pathway [including its regulation and
subcellular localization (5-11)] is increasingly complex. A specific mem-
brane-bound phosphatase and a specific soluble kinase generate, respec-
tively, InsP, and Ins(1,3,4,5)P,, from Ins(1,4,5)P;, and there is production
of highly phosphorylated inositol phosphates (there are several InsP,,
InsP;, and InsP,). Additional information has been provided on the
metabolism, regulation, and role of the phosphoinositol pathway, the
source of different inositol phosphates. In particular more is known about
the regulation of the kinases generating PtIns, PtInsP, and PtInsP,, and
PtInsP;.

2. A variety of G regulatory proteins have been characterized, purified,
and cloned in many cellular systems, including phagocytic cells (12-16).
Multiple functions have been attributed to these proteins, including cou-
pling of receptors to their catalytic unit (e.g., phospholipase C, adenylate
cyclase, and guanylate cyclase), regulation of plasma membrane channels,
enzymes (e.g., cGMP phosphodiesterase), and even possibly the control of
exocytosis and oxidative burst activity.

3. The regulation and role of [Ca?*]; have been examined. Considerable
controversy still surrounds the nature of the intracellular stores that, in
myeloid cells, have been defined as calciosomes (17-19). Important ques-
tions include: Are calciosomes discrete entities, or linked to the endo-
plasmic reticulum (ER)? Are there one, two, or even more intracellular
Ca?*stores, and how many of them are Ins(1,4,5)P; sensitive? Even more
confusing is the area dealing with mechanisms of Ca** influx across the
plasma membrane [see recent reviews on Ca? influx, the role of
Ins(1,3,4,5)P,, and the quantal model proposed by Irvine and colleagues
(20-22)]. Increasingly sophisticated equipment and the development of
new fluorescent probes allowed the detection of subcellular [Ca*]; gra-
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dients and the observation that [Ca*]; appears to oscillate in several cel-
lular systems, including neutrophils (23-25). It has also been established
more solidly that Ca?* plays a key role in the control of certain cell func-
tions (e.g., exocytosis). However, additional signals must be important in
handling multiple other cellular processes (e.g., locomotion and intracel-
lular traffic of organelles).

4. Phospholipid metabolism and cellular activation have been investi-
gated. It has become clear that many of the receptors capable of stimulating
PtInsP, breakdown also stimulate the breakdown of phosphatidylcholine
(PC) (26-29). The hydrolysis of PC by phospholipase A, (PLA,) is an
important source of arachidonic acid, which is subsequently metabolized
to a variety of functionally significant eicosanoids. PC can also be hydro-
lyzed by phospholipases C and D to yield DAG and phosphatidic acid
(PA). In fact, this last pathway is probably the most important quantitative
source of DAG during cell stimulation (11).

5. It has been realized that protein kinase C is a family of enzymes with
regions of homology, but also clearly distinct domains and enzymological
properties. Members of this family are differently distributed in various
cell types. The enzyme appears to interact with many signaling pathways
and display functions in the processing and modulation of cellular re-
sponses to external stimuli (30-32).

6. Additional signals have been studied. The existence in phagocytes of
excitatory signals in addition to Ca** and protein kinase C, particularly in
activation of the oxidase, has been suggested by several workers, including
Rossi and co-workers (33), Grinstein and Furuya (34), Korchak et al. (35),
and Dewald et al. (36). Potential candidates for such activation signals
include products generated by PLD, PLA,, or various protein kinases,
including tyrosine kinases and phosphoprotein phosphatases.

7. In neutrophils studies have been carried out characterizing various
protein kinases, such as isoenzymes of protein kinase C, cAMP-dependent
protein kinases, Ca**-calmodulin-dependent protein kinases, tyrosine ki-
nase S5, and histone 144 kinase (37-39).

8. Control of cytoplasmic actin has been the subject of study as well.
Several workers on phagocyte physiology have also provided clues as to
how cells control cytoplasmic actin assembly. Interaction of receptors
coupled to G regulatory proteins to the actin network has been demon-
strated (40, 41). One of the most intriguing recent discoveries is a potential
role of PtInsP, as an inhibitor of interaction of actin with actin regulatory
factors [e.g., profilin or gelsolin (42)].

This review focuses on our mayor area of interest: the regulation and
role of [Ca*]; in neutrophil activation.
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Ca?> Signal: Studies in Cell Populations
and Single Neutrophils

The introduction of fluorescent indicators of [Ca**]; (e.g., quin2 and fura-2)
enabled the analysis of [Ca?*]; transients during neutrophil activation.
Studies in populations of neutrophils (3) showed an average resting
[Ca*]; of ~100 nM. In response to stimulation with f-Met-Leu—Phe (fMLP,
a synthetic formyl peptide that resembles products of bacterial metab-
olism), [Ca*]; increases to micromolar concentrations and returns to base-
line within approximately 10 min. This [Ca?"]; increase is partially depen-
dent on extracellular Ca?*; that is, the initial rate of the [Ca?']; increase is
unchanged in a Ca¥-free solution, while the prolonged period of the
[Ca?*],increase is abolished under these conditions (43—-45). These results
led to the conclusion that the [Ca?'];increase in response to chemoat-
tractants consists of two components, an initial release of Ca?** from an
intracellular storage site, and a more delayed influx of Ca* across the
plasma membrane. The Ca?*ionophore ionomycin is able to induce
[Ca*]; increases in the absence of extracellular Ca*, as is seen for fMLP
stimulation, suggesting that the intracellular Ca** storage site is a vesicular
organelle (43).

The use of new highly fluorescent intracellular calcium indicators (23,
25) such as fura-2 has allowed monitoring of [Ca?]; at the single-cell level
in a variety of cellular systems, including neutrophils. Initial studies in
single adherent neutrophils using either quin2 or fura-2 showed the pres-
ence of single [Ca*]; transients concomitant with the initial step of adher-
ence to glass slides (46). These studies also suggested the presence of
subcellular [Ca®']; gradients upon cellular movement (47). Measurements
of single-cell [Ca?]; during phagocytosis of C3bi-opsonized yeast particles
were performed and a rapid rise in [Ca?']; (followed by one or more
[Ca®]; peaks) was observed during contact with the particle (48). These
results suggest a role of [Ca?];in some of the events associated with
phagocytosis (see “"Plasma Membrane Ca* Pump”).

We have studied [Ca®'); in single neutrophils adherent to fibronectin- or
albumin-coated surfaces. While neutrophils in suspension maintain stable
[Ca?], basal levels, we observed spontaneous oscillations of [Ca**]; (49),
with an average peak amplitude of 80 nM and a mean duration of 30 sec.
This spontaneous [Ca?*]; activity may be dissociated from the [Ca*']; activ-
ity triggered by chemoattractant receptor stimulation. Activation of neu-
trophils by the chemoattractant fMLP at low concentrations (10-'°M)
triggers sustained [Ca**]; oscillations, whereas continuous [Ca*]; rises
were observed at high agonist concentrations (10-¢ M). This study raised
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the interesting possibility that certain neutrophil functions might be con-
trolled by [Ca%]; oscillations, rather than by sustained alterations of [Ca?*],.
Stimulation of various other cell types with Ins(1,4,5)P;-generating ago-
nists has similarly been shown to induce oscillating elevations of
[Ca?*]; (17). In neutrophils and other nonexcitable cells [Ca?'|; oscillations
seem to be due to the intermittent release of Ca* from intracellular stores,
rather than to intermittent Ca?* influx (17, 49). It has been proposed that
this type of [Ca*] oscillation is due to intermittent generation of
Ins(1,4,5)P; (50). However, intracellular application of nonhydrolyzable
InsP; analogs by microinjection or microperfusion also induces oscillating
elevations of [Ca?*]; in various cell types (51, 52). Thus, the mechanism of
the oscillating Ca?* release might be distal to Ins(1,4,5)P; generation.

At least two subcellular organelles play a crucial role in Ca* homeo-
stasis in myeloid cells: the plasma membrane and an Ins(1,4,5)P,-sensitive
intracellular Ca?* store, the calciosome.

Neutrophil Plasma Membrane: Ion
Channels, Membrane Potential, and
Ca?* Influx

Plasma membrane ion channels play an important role in the regulation of
cellular activity and as effector proteins for many cellular functions. De-
spite substantial progress in the understanding of signal transduction and
cellular activation in neutrophils, little is known about the nature and
properties of ion channels in these cells. As observed in most other cell
types, the intracellular concentrations of various ions are different from
those observed in the extracellular medium. Intracellular ion concentra-
tions are high for K+, low for Na*, and extremely low for Ca?* (43, 53). The
intracellular Cl- concentration in human neutrophils is ~80 mM (53), thus
lower than that for extracellular Cl- (140 mM), but relatively high com-
pared to those of other cells. Ionic gradients, like those observed in neu-
trophils, are determined by the transport proteins in the cell membrane,
including pumps, transporters, and channels. Pumps use cellular sources
of energy (e.g., ATP) to transport ions against electrochemical gradients.
Other membrane transporters perform ion exchange, cotransport, and
countertransport to move ions across membranes. Their capacity is rela-
tively low (maximum of 10%ions per second). Channels, in contrast, are
pores that allow passive movement of ions down favorable electrochem-
ical gradients. They can be in an open (i.e., active) or closed state. Channels
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are often ion selective and thus provide a means for making the plasma
membrane conductive for specific ions. When compared to other transport
proteins, ion channels have a very high capacity (at least 10° ions per
second).

Channels have a variety of functions in different cell types. Most cells
have K* channels that are active in the resting cell and lead to K* efflux
because of the gradient between the high intracellular and low extra-
cellular K* concentrations. If the cell membrane is relatively impermeant
for other ions, K+ efflux cannot be counterbalanced and leads to build-up
of a negative charge in the cell interior (i.e., a negative resting potential).
In so-called excitable tissues (e.g., nerve and muscle) stimulation of cells
opens Na* channels; Na* influx depolarizes the cell and leads to an action
potential. A variety of cells have different types of Ca?* channels that allow
Ca?* influx and an increase in the cytosolic free Ca?* concentration during
cellular activation. Many cells have Cl- channels which may be involved in
the regulation of membrane potential (e.g., GABA receptor in the brain),
fluid secretion (epithelial cells), or cellular volume homeostasis (54-56).

Plasma membrane channels of small cells (e.g., neutrophils) can be
studied by indirect methods or directly by the patch—clamp technique. The
indirect methods include radioactive tracer fluxes, determination of in-
tracellular ion concentrations with fluorescent dyes, or measurement of
plasma membrane potential with charged lipophilic compounds. The
three indirect methods, however, give only limited information about the
ion channels of a cell. Using radioactive tracer fluxes, it is difficult to
distinguish between transport processes and conductive pathways.
Changes in intracellular ion concentrations are the net result of the activity
of all the different transport and conductive pathways for a certain ion.
Plasma membrane potential reflects the sum of all electrogenic processes
across the plasma membrane. The patch—clamp method, in contrast, al-
lows direct determination of plasma membrane ionic conductances and
the study of their regulation.

We now review recent data on the electrophysiological properties of
human neutrophils and the interaction of ion channels with the Ca** mes-
senger system.

Studies of Membrane Potential in Neutrophils

Using membrane potential-sensitive fluorescent dyes or radiotracers, the
membrane potential in populations of neutrophils has been studied. Ef-
forts have been made to determine the resting potential, the potential
changes during cellular activation, and the ionic basis of these phenomena.

The resting potential of neutrophils has been estimated to be between
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-20 and -105mV (53, 57-62). These large deviations show that the method
is poorly suited for the determination of absolute values. Still, most groups
now agree on resting values between -50 and -60 mV. An increase in the
extracellular K* concentration depolarizes neutrophils (59). This suggests
that, similar to other cell types (see “Introduction”), the resting potential in
neutrophils is maintained by a K* channel.

Membrane potential changes during cellular activation in neutrophils
have been described as follows.

1. Neutrophils depolarize in response to receptor agonists (59), but also
in response to agonists that bypass the receptor mechanism [e.g., iono-
mycin (a calcium ionophore) or phorbol myristate acetate (a protein kinase
C activator)] (63).

2. Membrane depolarization in response to receptor agonists is inhib-
ited by the preincubation of cells with pertussis toxin (63). This argues
against a mechanism of depolarization that is directly linked to the re-
ceptor (as it may be in excitable tissues) and suggests mediation by a G
protein.

3. The ionic basis of the depolarizing current in neutrophils has not yet
been identified. Replacement of extracellular Na* by choline does not af-
fect depolarization (58). As choline is a cation that does not usually pass
through Na*-selective channels, this observation indicates that Na* chan-
nels are not required for depolarization in neutrophils. However, in other
cell types nonselective channels that conduct choline have been described,
and a role of nonselective channels in neutrophil depolarization has not yet
been excluded. In some cell types closing of K* channels or opening of
CI" channels is thought to depolarize the cells (54, 64). These possibilities
have not yet been studied in neutrophils. It has also been proposed that the
electron transfer from the cytosol to the extracellular space that occurs
during the respiratory burst of neutrophils is electrogenic and leads to
plasma membrane depolarization (62).

The physiological role of depolarization in neutrophils is different from
that in excitable cells. Neither Ca?* influx nor cellular activation is observed
after depolarization of neutrophils by high extracellular K+ or by Na*/K*
ionophores such as gramicidin (65, 66). In contrast, if depolarization pre-
cedes cellular stimulation by chemoattractants, the increases in cytosolic
Ca?* and cellular responses are diminished (66). In recent studies we could
demonstrate that depolarizing agents such as gramicidin and ouabain
directly interfere with the generation of Ins(1,4,5)P; (67). We have therefore
proposed a role of depolarization as negative feedback during neutrophil
activation. However, studies that directly manipulate the membrane po-
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tential without pharmacological intervention will be necessary to definite-
ly demonstrate this model.

Whole-Cell Patch—Clamp Studies in Human
Neutrophils

The patch—clamp technique was initially designed as a method to study
single ion channels. However, it rapidly emerged as a technique with a
variety of applications, such as the measurement of whole-cell currents in
small cells, the study of interactions of intracellular messengers with ion
channels, and the study of control of secretion (68, 69). The whole-cell
patch—clamp technique measures the channel currents from the entire
plasma membrane of a single cell, whereas the single-channel patch—
clamp technique measures the current in a randomly chosen small piece of
membrane. Accordingly, the whole-cell patch—clamp technique, as com-
pared to single-channel measurements, is better suited for the initial study
of cells whose set of ion channels is not yet known. We therefore used the
whole-cell patch—clamp technique to study transmembrane currents in
adherent neutrophils. As the [Ca*]; is known to be an important intracell-
ular messenger in neutrophils, we also studied the modification of whole-
cell currents by changes in [Ca%];. We found voltage-dependent K* chan-
nels and Ca?*-activated K*and Cl- channels. Some properties of these
channels are described below. (If not stated otherwise, the original refer-
ence is Ref. 63.)

Voltage-Dependent K* Channel

A voltage-activated current was found in unstimulated neutrophils stud-
ied with the whole-cell patch—clamp technique. This channel had a thresh-
old of voltage activation of ~60 mV. Maximal activation was observed at
90 mV. No time-dependent inactivation was found, even at large depolar-
izing voltages. Tail current analysis under varying ionic conditions sug-
gested that the channel was selective for K*. The channel current showed
inward rectification (i.e, a larger conductance for K*influx than for
K+ efflux). The channel was blocked by BaCl,, but not by 5-aminopyridine,
a blocker of the depolarization-activated K* channel of macrophages.
The properties of the channel suggest that it may determine the resting
membrane potential of neutrophils as (1) it is found in unstimulated cells,
(2) it is K* selective and thus generates a negative plasma membrane
potential by electrogenic K* efflux, and (3) it has a threshold of voltage
activation of -60 mV and therefore hyperpolarizes neutrophils only to this
voltage (i.e., the membrane potential of resting neutrophils; a K* channel



CHAPTER 5 Calcium Translocation 123

that is independent of voltage would be expected to hyperpolarize cells to
-80 mV, the reversal potential of K*). Given the role of the membrane
potential in signal transduction of neutrophils (see the previous section),
the regulation of the resting potential by the voltage-dependent K* channel
might play an important role in determining the sensitivity of neutrophils
to chemotactic stimulation. It will therefore be of major interest to study
the pharmacology of this channel, as well as its possible regulation by
intracellular messengers.

Ca?*-Activated K* and Cl- Channels in Neutrophils

Activation of neutrophils by various receptor agonists leads to an elevation
of [Ca?*];. In other cell types such [Ca*]; elevations activate a variety of
channels. It was therefore of interest to study the effect of Ca?* on channel
currents in neutrophils. We exposed neutrophils in the whole-cell patch
configuration to the Ca?* ionophore ionomycin. This procedure led to an
increase in whole-cell currents, thus demonstrating the presence of Ca?*-
activated ion channels in neutrophils. Analysis of the ionic selectivity of
the Ca?*-activated channels revealed the existence of both Cl- and K* chan-
nels.

As many K* channels are voltage dependent and Ca* activated, we
considered the possibility that the depolarization-activated K* conduc-
tances and the Ca?*-activated K* conductances reflect two modes of activa-
tion of the same channel. However, several observations argue against this
possibility. The voltage-activated channel appeared to be independent of
intracellular Ca* concentrations, while the Ca?*-activated K* channel ap-
peared to be independent of voltage. In addition the two K* channels could
be distinguished by their conductive properties. The voltage-activated
K* channel was inwardly rectifying; that is, K* passed more readily from
the outside of the cell to the inside than from the inside to the outside. The
Ca*-activated K* channel, in contrast, was outwardly rectifying.

The effect of a concomitant Ca?*-induced opening of Cl- and K* chan-
nels on net salt fluxes in a neutrophil would be a loss of KCI to the
extracellular space. Such a loss of intracellular KCI has been shown in
other cell types to be accompanied by a loss of intracellular water and a
decrease in cell volume (55, 56, 70).

What could be the physiological significance of a Ca2*-induced decrease
in cell volume? In other cell types a Ca?*-conductive pathway sensitive to
cell volume has been described (55, 56). Exposure of such cells to hypotonic
solutions leads to the following cascade of events: an increase in cell
volume, activation of volume-sensitive Ca? influx, activation of Ca?*-gated
K*and CI- channels, a net loss of KCI and water, and a decrease in cell
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volume toward the normal level. Neutrophils might have such a mecha-
nism, as they are relatively resistant to hypotonic solution: Brief exposure
to distilled water, a routine step in neutrophil purification which lyses red
blood cells, does not damage neutrophils. However, no volume-sensitive
Ca? influx has yet been described in neutrophils.

Alternatively, changes in cell volume might be a part of the response to
the increase in [Ca*]; that occurs during cellular activation. Many neu-
trophil functions that are mediated or accompanied by rises in [Ca*]; (e.g.,
chemotaxis, adherence to surfaces and spreading, pseudopod formation,
and phagocytosis) might necessitate changes in cell volume.

Comparison of Membrane Potential and Ion
Channels in Macrophages and Neutrophils

Macrophages are cells that share a variety of properties with neutrophils.
It is therefore of interest to compare the results of electrophysiological
studies in neutrophils with those obtained in macrophages (63, 71). Resting
membrane potential of macrophages and neutrophils has been reported to
be in a similar range (i.e., -50 to -60 mV). Voltage-dependent K* channels
in both cell types, macrophages (71) and neutrophils (63), are likely to
maintain this resting potential. However, the neutrophil channel shows
distinct properties. It differs from the macrophage channel because it does
not deactivate with time, it is not inhibited by 4-aminopyridine, and it
shows inward rectification.

After stimulation with chemotactic peptides or Ca’* ionophores, neu-
trophils depolarize, while macrophages hyperpolarize. Two types of Ca*'-
activated K* channels have been described in macrophages: a voltage-
dependent type and a voltage-independent type. A [Ca*]; increase in
macrophages should activate these two channels and thereby lead to hy-
perpolarization. In addition, macrophages possess a hyperpolarization-
activated K* channel, which might provide further positive feedback to the
Ca?*-induced hyperpolarization. Neutrophils have only one kind of Ca*-
activated K*channel and no hyperpolarization-activated K* channel.
However, they have a Ca*-activated Cl- channel that has not been de-
scribed in macrophages. Could this Ca?*-activated Cl- channel play a role
in the depolarization produced during neutrophil activation? The in-
tracellular Cl- concentration in neutrophils is relatively high (53). The re-
versal potential for Cl- is therefore less negative than the resting plasma
membrane potential (i.e., -14 versus -60 mV). Activation of CI- channels
by Ca?* could therefore depolarize neutrophils, depending on the relative
contribution of Ca*-activated Cl- channels and Ca?*-activated K* chan-
nels. However, depolarization of neutrophils in response to physiological
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stimuli is only partially Ca?* dependent, and Ca?*-independent depolariza-
tion is observed in response to phorbol esters. Thus, while Ca?* activation
of Cl- channels might contribute to depolarization in neutrophils, it is
unlikely to be the only mechanism.

Plasma Membrane Ca? Channels and Ca?* Influx

No structural information is available on the plasma membrane Ca?* chan-
nels of neutrophils or related cells. In patch—clamp studies in neutrophils,
a Ca?*-activated nonspecific cation channel able to conduct Ca** has been
observed (72, 73). However, so far no evidence is available for a phys-
iological role of this channel in stimulated Ca?* influx in neutrophils.
Similarly, there are no convincing direct electrophysiological measure-
ments of Ca?* influx in most other nonexcitable cells. However, Ca?* influx
in response to receptor activation can be demonstrated clearly in studies
with Ca?-sensitive fluorescent dyes. The molecular mechanism of the
receptor-operated Ca?* influx in neutrophils is not yet understood. It can
be distinguished from Ca* influx through voltage-gated Ca** channels in
excitable tissues by the following criteria: (1) It cannot be elicited by plas-
ma membrane depolarization (65), (2) it is increased by hyperpolarization
during receptor activation (66), and (3) it is not inhibited by blockers of
voltage-gated Ca?* channels (e.g., 1,4-dihydropyridines) (65).

Intracellular application of Ins(1,4,5)P; by microinjection or microperfu-
sion has not yet been performed in neutrophils, but has been shown to
induce Ca* influx in various types of nonexcitable cells. Three explana-
tions have been proposed to account for these results.

1. The plasma membrane might have Ins(1,4,5)P;-sensitive Ca?* chan-
nels. Patch—clamp studies in lymphocytes favor this theory (74).

2. A metabolite of Ins(1,4,5)P;, particularly inositol 1,3,4,5-tetrakisphos-
phate [Ins(1,3,4,5)P,], might be the intracellular mediator of Ca?* influx. In
one study concomitant microperfusion of Ins(1,3,4,5)P, potentiated the
Ins(1,4,5)P; effect on Ca? influx (21). We have monitored in parallel
Ca*influx and inositol phosphate levels in populations of HL-60 cells.
These studies revealed a good temporal correlation between Ca?* influx
and Ins(1,3,4,5)P, levels, but not with the level of any other inositol phos-
phate (75). However, in other cell types nonmetabolizable Ins(1,4,5)P; ana-
logs induce Ca? influx (76).

3. The filling state of the intracellular Ca?* pool regulates Ca?* influx
(i.e., capacitative Ca?* entry). Thus, Ins(1,4,5)P; would regulate Ca?* influx
indirectly by its effect on the filling state of the intracellular Ca?* pool. This
theory is supported by studies that demonstrate that Thapsigargin, a com-
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pound that empties the Ins(1,4,5)P;-sensitive Ca?* pool by inhibition of
Ca?* uptake, also induces Ca* influx (77, 78).

Plasma Membrane Ca?* Pump

The plasma membrane Ca* pump, present in virtually all cell types, was
originally characterized in red blood cells. Our present knowledge of the
plasma membrane pump of neutrophils is based on studies of inside-out
plasma membrane vesicles (79, 80). The enzyme seems to be, similar to the
intracellular Ca? pump, a Ca?*-ATPase, requiring ATP hydrolysis for ac-
tivity. However, unlike the intracellular Ca*-ATPase, the plasma mem-
brane Ca?* pump shares several properties with the erythrocyte-type Ca?-
ATPase: (1) Ca** uptake is inhibited by low concentrations of vanadate (30
uM), (2) Ca* uptake is inhibited by calmodulin inhibitors, and (3) addition
of exogenous calmodulin increases Ca?* pumping. Recently, a plasma
membrane Ca*-ATPase from human teratoma cells has been cloned (81).
Supporting the functional data in neutrophils and other cell types, a cal-
modulin binding site was demonstrated. The plasma membrane
Ca? pump of neutrophils can be activated by phorbol esters (82), suggest-
ing that this protein is, directly or indirectly, regulated by protein kinase
C in addition to its Ca?*/calmodulin regulation. There is no evidence for
the involvement of a Na*/Ca* exchanger in Ca?* transport to the extra-
cellular space in neutrophils.

Intracellular Ca> Stores in Myeloid Cells

Ins(1,4,5)P,-Sensitive Ca?* Stores (Calciosomes)

The identity of the Ins(1,4,5)P;-sensitive Ca?* store is still a matter of de-
bate. In some nonmuscle cells the organelle specifically devoted to the
rapid ATP-dependent uptake of Ca? and to its release in response to
receptor-triggered generation of Ins(1,4,5)P; is thought to be the ER. How-
ever, results in other cellular systems, including neutrophils and HL-60
cells, suggest the existence of a specialized subcellular structure: the calcio-
some. By using calcium-selective electrodes and various fractionation
procedures, we could study the control of [Ca*]; by subcellular structures
in neutrophils and HL-60 cells (83).

HL-60 cell homogenates were separated by a discontinuous Percoll
gradient. The gradient yielded three fractions. Table I shows the distribu-
tion of various marker enzymes (alkaline phosphatase and cholesterol for
the plasma membrane, sulfatase C and NADPH-cytochrome c reductase
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for the ER, galactosyltransferase for the Golgi apparatus, and B-glucur-
onidase for granules) in the three fractions. About 35% of the recovered
plasma membrane content was localized in the light-density fraction 3 (F,).
To shift the distribution of plasma membrane toward fractions of higher
density, HL-60 cell homogenates were preincubated with digitonin before
separation by the gradient. Digitonin is known to bind specifically to the
cholesterol-containing plasma membranes and has been used to increase
the density of plasma membrane vesicles, which are thereafter shifted
toward fractions of higher densities in density gradients (84, 85). Table I

TABLE I
Digitonin-Induced Shift of Organelles in HL-60 Cell
Subcellular Fractions®
Digitonin
Marker enzyme 0 M 30 uM 50 uM 100 uM Fraction
Alkaline phosphatase 10 = 1 11£2 101 8+1 F
(n=26) 55+ 2 59 +2 64 + 1 74 + 1 E,
36+ 1 311 29 +2 19+1 F3
Cholesterol (1 = 3) 15+2 ND 4=+1 8+2 F,
53 +4 ND 66 3 723 F,
35+1 ND 31+3 18+3 F;
Sulfatase C (1 = 5-7) 5+1 41t 6+1 5+1 F,
76 + 2 77 £ 1° 75 + 2 77 + 2 F,
15+ 1 20« 1 17 + 1 17 + 1 F,
NADPH-Cytochrome 14+5 ND ND 10 +4 F
c reductase (1 = 3) 65+ 1 ND ND 66 £ 3 F,
215 ND ND 23+3 F;
Galactosyltransferase 2+1 1+1° 2+1 2+1 F
(n = 5) 66 = 4 60 = 17° 72+ 6 73£3 F,
324 39 x 17 31+6 2623 Fy
B-Glucuronidase 7+1 92t 10+1 10£1 F,
(n = 4) 76 + 3 76 + 2F 76 1 79 1 F,
16 + 3 15 + 2b 132 12+1 F,

“HL-60 cell homogenates were incubated for 10 min at 37°C in the absence or presence of digitonin (30,
50, and 100 uM). Three subcellular fractions (Fy, Fy, and F;) were obtained by density gradient centrifuga-
tion of homogenates. Activities of the various marker enzymes (alkaline phosphatase for the plasma
membrane, sulfatase C and NADPH-cytochrome ¢ reductase for the endoplasmic reticulum, B-glucur-
onidase for granules, and galactosyltransferase for the Golgi apparatus) are expressed as percentages of
gradient distribution; that is, the total marker enzyme content of all three subcellular fractions is taken as
100%.
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shows the shift of plasma membrane markers toward fractions of higher
densities after incubation with increasing concentrations of digitonin. Nei-
ther the ER nor the Golgi apparatus nor granule markers showed a
significant shift, as expected by their lower cholesterol content. At a dig-
itonin concentration of 100 uM, the plasma membrane content of F; was
reduced by nearly 50%. Under identical conditions Ca% uptake and
Ins(1,4,5)P;-induced Ca? release were predominantly recovered in the
light-density F,. Both parameters were not affected by the digitonin pre-
incubation and were not shifted toward fractions of higher densities when
homogenates were preincubated in the presence of digitonin (Fig. 1), in-
dicating that the Ins(1,4,5)P;-sensitive Ca?* store is an organelle with a low
cholesterol content and is not contained in the plasma membrane.

The subcellular distribution of both Ca? uptake and Ins(1,4,5)P;-in-
duced Ca?* release did not correlate with the subcellular distribution of the
ER markers. Indeed, both markers of the Ins(1,4,5)P;-sensitive Ca** store
were substantially enriched in the light-density F; (Fig. 1), in contrast to
markers of the ER (e.g., sulfatase C and NADPH-cytochrome c reductase),
which were predominantly recovered in the intermediate-density F,.

We thus could demonstrate that markers for the Ins(1,4,5)P;-sensitive
Ca? store can be dissociated from markers of plasma membrane and ER
and are present in a light density fraction. A further separation from

FIGURE 1

Ca®* uptake and Ins(1,4,5)P5-induced Ca®* release in HL-60 cell
subcellular fractions. HL-60 cells were homogenized by nitrogen
cavitation. Three subcellular fractions (F;, F5, and F;) were
obtained by density gradient centrifugation of homogenates (H)
previously preincubated in the absence [(A) trace a, (B and C)
solid bars] or presence of digitonin (100 uM) [(A) trace b, (B and
Q) stippled bars]. Homogenates and subcellular fractions (0.8 mg
of protein in 0.6 ml) were incubated at 37°C, and ambient free
Ca?®* levels were assessed by the fluorescence of fura-2. (A)
Ambient free Ca*concentrations were monitored in the presence
of light-density subcellular fractions (F3). Ins(1,4,5)P; (1 uM) was
added where indicated. Traces are from a typical experiment
which was repeated four times. (B) Specific Ca** uptake activity is
shown as nanomoles of Ca®* per milligram per minute removed
from the medium by intracellular organelles. (C) Specific
Ins(1,4,5)Ps-induced Ca®* release activity (nanomoles of Ca?* per
milligram of protein) was determined in homogenates and
subcellular fractions, using a maximally Ca**-releasing
Ins(1,4,5)P; concentration (1 pM) added to the samples once they
had reached a steady state of ambient free Ca?* for at least 3 min.
Values are means * SE in n = 4-8 (B) and n = 4 (C) separate
experiments.
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contaminating endosomes could be achieved by free-flow electrophoresis
(83).

Analysis of the fractions described above by staining of sodium dodecyl
sulfate (SDS) gels and by #Ca* overlay of nitrocellulose transfers of SDS
gels revealed the presence of a 60-kDa Ca%*-binding protein that copurified
with the markers of the Ins(1,4,5)P;-sensitive Ca?* stores (calreticulin; see
“Intravesicular Ca?* Storage Proteins”).

These results led to the conclusion that HL-60 cells contain a specialized
intracellular compartment involved in Ca?*storage and Ins(1,4,5)P;-
induced Ca* release. We have proposed to call this compartment the
calciosome (Fig. 2).

InsP;-Insensitive Ca?* Stores

Studies from various laboratories have suggested that there might be
intracellular Ca? stores that are not sensitive to Ins(1,4,5)P, (86, 87).
Ca** release from these stores can be pharmacologically induced by caf-
feine. These stores might physiologically release Ca* in response to in-
creases of [Ca?]; (i.e., Ca**-induced Ca?* release), but the existence of such
additional stores has not yet been demonstrated in neutrophils.

Intracellular Ca?* Pumps (Ca?*-ATPase)

At least three types of intracellular Ca?*-ATPases exist. All of them show
a molecular mass of approximately 100 kDa and are structurally distinct
from the plasma membrane Ca?*-ATPase. The fast-type Ca*-ATPase is
found exclusively in fast-type skeletal muscle. The slow-type Ca?*-ATPase
is found in slow-type skeletal muscle and cardiac muscle. A nonmuscle
Ca*-ATPase is found in a variety of nonmuscle cells. While a separate
gene codes for the fast-type ATPase, the latter two types of intracellular
Ca?-ATPases are generated by alternative splicing of the same gene (88,
89).

Another type of intracellular Ca?*-ATPase has been suggested recently.
This Ca?*-ATPase would have a molecular mass of 120 kDa and would
show a subcellular distribution similar to that of the Ins(1,4,5)P;-sensitive
Ca? pool (90). In lacrimal acinar cells Ca?* uptake into the InsP;-sensitive
Ca?* pool has been proposed to occur through a mechanism that is ener-
gized by a proton gradient (86).

Functional studies in permeabilized neutrophils and neutrophil homog-
enates (91, 92) demonstrate that the Ca?> pump of the intracellular
Ca? store is a Ca*-ATPase, functionally similar to the Ca?*-ATPase of the
sarcoplasmic reticulum of muscle cells: (1) Ca?* uptake is ATP dependent;
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FIGURE 2

Intracellular Ca2* stores of muscle [i.e., sarcoplasmic reticulum
(SR)] and HL-60 cells (i.e., calciosomes). (A) Muscle SR consists of
two compartments that are continuous in vivo, but separately
recovered in subcellular fractionation studies: longitudinal SR
(light SR) and terminal cysternae (heavy SR). The ryanodine-
sensitive Ca®* channel and calsequestrin are concentrated in the
terminal cysternae, while the Ca?*-ATPase and calreticulin are
found in both compartments. (B) Subcellular fractionation studies
in HL-60 cells have so far yielded a homogeneous recovery of
markers of Ins(1,4,5)P;-sensitive Ca?* stores (i.e., calciosomes).
Although calciosomes are recovered after separation of
homogenates as small light-density vesicles (as shown), their
relationship to other organelles (e.g., endoplasmic reticulum) has
not yet been clarified.
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(2) Ca?* uptake can be inhibited by millimolar, not micromolar, concentra-
tions of vanadate; and (3) Ca?* uptake is not inhibited by calmodulin
inhibitors. Immunological studies in HL-60 cells show an approximately
100-kDa protein that cross-reacts with monoclonal antibodies against
slow-twitch/cardiac Ca*-ATPase, but not fast-twitch Ca?*-ATPase (18).
The subcellular distribution of this protein parallels the distribution of
Ca? pumping and Ins(1,4,5)P; response in subcellular fractions of HL-60
cells (18). It is thus likely that this protein is the Ca* pump of the in-
tracellular Ca?* store in HL-60 cells. This assumption is supported by stud-
ies in liver and pancreas showing a phosphorylated intermediate of a
Ca?*-ATPase with a molecular mass similar to that of the HL-60 protein (93,
94). However, purification of the enzyme and functional studies is neces-
sary to define more precisely the role of this protein in HL-60 cells.

Ca? Release Channels (InsP;-Sensitive, Ryanodine
Sensitive, Caffeine Sensitive)

An Ins(1,4,5)P;-sensitive Ca?* channel has been purified and cloned from
mouse cerebellum (95). This channel] has some homology with the ryano-
dine-sensitive Ca?* channel of muscle cells. Thus, there seems to be a
genetically related family of intracellular Ca* release channels. Primary
structures of Ca?* release channels from tissues other than muscle or nerve
have not been reported so far; however, mRNA of an appropriate size that
cross-hybridizes with cDNA of the cerebellar InsP; receptor has been
found in a variety of tissues (96).

Recent patch—clamp studies show the existence of a voltage-dependent
caffeine-sensitive Ca?* release channel in ER preparations of pancreatic
cells (97). This channel seems to be insensitive to Ins(1,4,5)P; and the cy-
tosolic free Ca?. It might be a Ca?** release channel of an Ins(1,4,5)P5-
insensitive Ca?* store. No information is presently available on the bio-
chemical properties of the intracellular Ca?  release channel of human
neutrophils.

Intravesicular Ca?* Storage Proteins

The sarcoplasmic reticulum of skeletal and cardiac muscle contains at least
two proteins that bind Ca?* with high capacity but low affinity and might
therefore function as intravesicular Ca? storage proteins: calsequestrin
and calreticulin (Fig. 2). Calreticulin is also found in a variety of nonmuscle
cells, while calsequestrin seems to be exclusively expressed in nonmuscle
cells (98). As discussed above, the Ins(1,4,5)P;-responsive subcellular frac-
tions in HL-60 cells are enriched in a 60-kDa Ca?*-binding protein. We have
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purified this protein and shown that its N-terminal amino acid sequence
has 93% similarity to calreticulin (99).

Thus, calreticulin is likely to function as a Ca?* storage protein of the
Ins(1,4,5)P;-sensitive Ca? stores of HL-60 cells. No Ca?*-binding data of the
HL-60 protein are available so far. However, the muscle calreticulin has
been shown to possess approximately 20 low-affinity binding sites and one
or two high-affinity binding sites. While the physiological role of the
low-affinity binding sites is likely to be Ca?* storage, nothing is known
about the potential physiological role of the high-affinity binding site.

Muscle calreticulin has the C-terminal amino acid sequence KDEL (in
single-letter code), which is referred to as the “retention sequence for
luminal ER proteins” (98). While most luminal proteins that do not possess
this sequence are transported from the ER via the cis-Golgi and trans-Golgi
to their final destination, proteins with the KDEL sequence are either
directly retained within the ER or retransported from the cis-Golgi to the
ER (100) (Fig. 3). As calreticulin has a Golgi-typical glycosylation pattern
(101), it is most likely transported through the latter pathway.

C-terminal: -Lys-Asp-Glu-Leu

@ protein with retention sequence

protein without retention sequence

———— W —> ER

v - cis-Golgi
\

Q_‘ —

< 15 —— trans-Golgi

FIGURE 3

Endoplasmic reticulum (ER) retention sequence. Recent studies on
the sorting of luminal proteins in the ER (for a review see Ref.
100) have suggested a C-terminal sequence of Lys—Asp—Glu-Leu
(KDEL in single-letter code). Most luminal proteins without this
retention sequence pass through the cis-Golgi via trans-Golgi to
their final destination. Proteins with the C-terminal KDEL
sequence are either directly retained within the ER or pass
through the cis-Golgi and are subsequently retransported to the
ER.
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Model of Biosynthesis of Calciosomes and Their
Relationship to the ER

Although the C-terminal sequence of the calreticulin-related protein of
HL-60 cells is not yet known, so far there is no evidence that it differs from
that of muscle calreticulin. Thus, on the one hand calreticulin is pre-
sumably retained in the ER via a KDEL sequence (see the previous sec-
tion). On the other hand, however, it is not recovered together with typical
ER markers (e.g.,, NADPH-cytochrome c reductase and sulfatase C) in
subcellular fractionation studies. This apparent contradiction might be
explained by the following model of calciosome biosynthesis (Fig. 4).
Calciosome proteins are synthesized in the ER, with a possible passage
through the Golgi apparatus. In a second step they are concentrated within

1) 1Ps-sensitive Ca%* channel
# slow-type Ca®* -ATPase

CR calreticulin

1. Synthesis of calciosome proteins in the ER
(and Golgi apparatus ?)

—

2. Accumulation of calciosome proteins in a
specialized region of the ER

< _)?

3. "Budding off” of calciosomes from the ER .

FIGURE 4

Possible model of the biosynthesis of calciosomes. Calciosome
proteins are synthesized in the endoplasmic reticulum (ER) (1)
and after a passage through the cis-Golgi are concentrated in a
specialized region of the ER. Calciosomes might be in vivo
continuous (2) or discontinuous (3) with the ER.
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a portion of the ER, and finally a “budding off” of calciosomes from the ER
occurs. The second step must occur in order to explain the results of the
above described subcellular fractionation studies in HL-60 cells; that is, the
bulk of the ER does not copurify with markers of intracellular Ca?* stores.
However, so far there is no proof that the third step (i.e., the budding off)
occurs in vivo. Calciosomes and ER might be distinct but continuous struc-
tures in intact HL-60 cells, and their physical separation might be due to
the homogenization procedure. This would resemble the situation in mus-
cle cells, in which the terminal cysternae and the longitudinal SR are
recovered in different subcellular fractions, but are thought to be con-
tinuous structures in vivo.

Thus, while the existence of a specialized Ins(1,4,5)P;-responsive struc-
ture in HL-60 cells (i.e., the calciosome) is clearly demonstrated by the
results of the subcellular fractionation studies, the in vivo relationship to
other organelles, particularly the ER, needs further investigation. Mor-
phological electron microscopic studies attempting three-dimensional re-
construction of calciosomes will be particularly important.

Phosphatidylinositol Turnover

The formation and metabolism of inositol polyphosphates are complex
processes that occur in a wide variety of cells (27) (Fig. 5). Two types of
kinases phosphorylate phosphatidylinositol (PtdIns) to yield several iso-
meric forms of the polyphosphatidylinositol lipids (e.g., PtdInsP, PtdInsP,,
and PtdInsP;). The type I kinase produces PtdIns(3)P, PtdIns(3,4)P,, and
PtdIns(3,4,5)P;. Interestingly, PtdIns(3,4)P,, seems to be generated during
the activation of neutrophils (29). However, the type I kinase products
appear only after cell stimulation with growth factor-like substances in
parallel with the activation of protein tyrosine kinases (102). In addition
PtdIns(3)P, PtdIns(3,4)P,, and PtdIns(3,4,5)P; are only poor substrates for
at least four distinct isoenzymes of phospholipase C (103). The cleavage of
the membrane phospholipid PtdIns(4,5)P, through the activation of the
type II kinase is a widely distributed process. It constitutes a cornerstone
of signaling mechanisms coupling a wide variety of stimuli to the activa-
tion of cells of different types, leading to the generation of the Ca?"-mobiliz-
ing second messenger Ins(1,4,5)P; (9, 28, 104).

Ins(1,4,5)P; is further metabolized by a series of specific phosphomono-
esterases and kinases (Fig. 5). The two key enzymes in this metabolism are
Ins(1,4,5)P; 5-phosphatase and Ins(1,4,5)P; 3-kinase (7). The Ins(1,4,5)P, 5
-phosphatase is likely to play an important role in termination of the
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Ins(1,4,5)P, response by generating the inactive Ins(1,4)P, (105-107).
Ins(1,4)P, degradation proceeds by sequential dephosphorylation through
the activation of polyphosphomonoesterases and allows the subsequent
regeneration and recycling of myo-inositol. The Ins(1,4,5)P; 3-kinase
specifically converts Ins(1,4,5)P; into Ins(1,3,4,5)P, (108). The affinity of
this enzyme for Ins(1,4,5)P;is almost 10-fold higher than that of the
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Ins(1,4,5)P; 5-phosphatase. The affinity for Ins(1,4,5)P; of the partially
purified enzyme in HL-60 cells was 0.4 uM (D. Pittet and D. P. Lew,
unpublished observations), consistent with values obtained in other cel-
lular systems. Its activity is regulated by the Ca?* calmodulin complex (109,
110) and possibly also by phosphorylation (111). Following cell surface
receptor occupancy the activity of the Ins(1,4,5)P; 3-kinase and 5-phos-
phatase drives the metabolism to the tris/tetrakisphosphate pathway. The
subsequent metabolism of Ins(1,4,5)P; and Ins(1,3,4,5)P, seems thus to be
intricate. The reasons for the complex metabolic pathway leading to the
generation of multiple inositol phosphates are still unclear. Experimental
evidence suggests a function in the regulation of [Ca?*]; for certain isomers
(e.g., Ins(1,3,4,5)P,), but the contributions of inositol phosphates other than
Ins(1,4,5)P; remain to be defined. However, the extra energy expenditure
required to produce Ins(1,3,4,5)P,, as well as other highly phosphorylated
InsPs, supports their involvement in regulation of as yet undefined cellular
functions.

The actual view of the inositol phosphate metabolism suggested the
existence of two functional groups of inositol phosphates: agonist sensitive
and agonist insensitive (27). The inositol phosphates of the first group are
supposed to have functions related to cell signaling. The proposed roles for
Ins(1,3,4,5)P; include modulation of [Ca?']; through the reuptake of Ca?
into intracellular stores, control of the Ca?* transfer process between
Ins(1,4,5)P;-sensitive and -insensitive pools, the modulation of Ca?* influx
across the plasma membrane, or the potentiation of Ins(1,4,5)P;-induced
Ca? mobilization. Different aspects of the metabolism of Ins(1,3,4,5)P, in
HL-60 cells strongly supports its potential role as an intracellular messen-
ger. Detailed analysis of Ins(1,3,4,5)P, generation revealed (1) rapid ki-
netics following agonist stimulation: (2) a dose-dependent relationship,
with very high sensitivity to low agonist concentrations; and (3) [Ca%].-
dependent accumulation (75). These observations were made by using
an optimized high-performance liquid chromatography procedure for
the separation of the three distinct inositol tetrakisphosphate isomers
[Ins(1,3,4,6)P,, Ins(1,3,4,5)P,, and Ins(3,4,5,6)P,). Marked differences were
noted in the kinetics, dose dependence, and [Ca?']; sensitivity of these
isomers following cell surface receptor activation. Moreover, when abso-
lute intracellular concentrations of Ins(1,4,5)P;and Ins(1,3,4,5)P, were
quantified in HL-60 cells [using the metal dye detection technique (see
below)], the levels of the latter rose faster than those of any other inositol
phosphate. In addition, the increase in the intracellular concentration of
Ins(1,3,4,5)P; was similar in magnitude to the changes occurring in its
precursor, Ins(1,4,5)P;, or for the product arising from its dephosphoryla-
tion, Ins(1,3,4)Ps. This supports the presumption that, following receptor
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activation, Ins(1,4,5)P; is metabolized via phosphorylation rather than de-
phosphorylation.

Ins(1,3,4,5)P, is only one of several highly phosphorylated inositol phos-
phates that may increase upon receptor stimulation. At least Ins(1,3,4,6)P,
and Ins(1,3,4,5,6)P; result from Ins(1,3,4,5)P, metabolism, highlighting the
importance of the initial drive through the InsP;/P, pathway (112). How-
ever, studies of inositol phosphate metabolism are generally performed
using steady-state radioactive labeling of the inositol phospholipids and
inositol phosphates, presumably approaching isotopic equilibrium. Using
a newly developed procedure, the metal dye detection technique, we
could quantify absolute concentrations of InsPs in HL-60 cells (113). This
analysis revealed unexpected changes in highly phosphorylated InsPs.
Absolute intracellular concentration of Ins(1,3,4,5,6);, an isomer which, in
the past, was assumed to be unaffected by agonist stimulation (when
assessed using radiotracer methods), showed marked increased upon
fMLP stimulation in HL-60 cells. Importantly, Ins(1,3,4,5,6)P; levels were
36 uM in resting cells [100-fold higher than the levels of Ins(1,4,5)P;] and
increased to more than 50 uM 1 min after agonist stimulation. These
variations represent a more significant mass change in absolute terms for
Ins(1,3,4,5,6)P; than for any other InsP. The physiological significance of
these observations remains to be studied.

Recent studies have suggested the existence of metabolically distinct
pools of precursor phospholipids. Thus, methods that quantify the real
concentration of both inositol phospholipids and inositol phosphates, rath-
er than incorporation of radioactivity, become increasingly important. Us-
ing metal dye detection analysis, we recently identified “new” inositol
phosphates that had not been described in radiotracer studies (114). More-
over, mass analysis using radiolabeled cells revealed differences in the
specific radioactivity of various groups of inositol phosphates and marked
changes upon agonist stimulation in a subset of inositol phosphates (113).
These observations strongly support the existence of different pools of
inositol phosphates with multiple pathways stimulated during cell activa-
tion. Moreover, it appears that inositol phosphates should certainly not
only be defined as a function of their agonist sensitivity, but also as mem-
bers of “families” whose size and role must be studied.

Thus, inositol phosphates might form a family of intracellular messen-
gers which regulate [Ca?'];and possibly other cellular processes (e.g.,
InsP; and InsP, modulate the oxygen affinity of hemoglobin in birds). Dif-
ferences in InsP; and InsP, levels at different stages of differentiation have
been demonstrated in oocytes (112). In HL-60 cells the levels of the highly
phosphorylated InsPs change during cell differentiation, suggesting a role
in trophic regulation and/or cell adaptation (R. H. Michell, personal com-
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munication). Interestingly, highly phosphorylated inositol phosphates
have been shown to bind aldolases with high affinity, leading to an in-
hibition of the enzyme activity (115). Some InsPs might thus represent
allosteric regulators of intracellular enzymes. The role of highly phos-
phorylated InsPs in gene regulation deserves further investigation; for
example, Ins(1,4,5)P; 3-kinase activity is increased in v-src-transformed
cells (116). Finally, it has been suggested that InsP; and InsP, are extra-
cellular signals (117). In human neutrophils we were not able to demon-
strate either inositol phosphate secretion by chemoattractant-stimulated
cells or any concentration gradient in subcellular fractions (D. Pittet, un-
published observations).

Role of [Ca>];in the Regulation of
Neutrophil Functions

Regulation of Exocytosis by [Ca*|;

The term “exocytosis” is commonly used to indicate the process by which
hydrophilic cellular products (e.g., proteins, peptides, and neurotransmit-
ters) segregated within intracellular vesicles are discharged into the ex-
tracellular fluid. This process is triggered by stimulation of the cell and
consists of several discrete events, including the movement of the storage
organelles to the plasma membrane, fusion between the two membranes,
and liberation of the stored contents. In phagocytes a particular form of
exocytosis exists in which the content of granules is discharged into the
phagosome. Thus, although the granule content is discharged within the
cells, phagosome-lysosome fusion bears many similarities to the exo-
cytotic process in other cellular systems.

More than 20 years ago it was discovered that Ca** plays a pivotal role
in regulated exocytosis. In particular it has been demonstrated that exocy-
tosis often depends on the presence of Ca?* in the extracellular medium
and that it can be induced by ionophores that selectively transport
Ca* across natural and artificial membranes (118, 119). Additional support
for the involvement of Ca? has been provided by the discovery of the
inhibitory action of Ca** antagonists and the role of Ca?*-regulated proteins
(119-121). In recent years two technical developments have led to impor-
tant progress in this field, namely, the introduction of permeabilized cells
that retain their capacity to secrete (122-124) and the use of fluorescent
Ca? chelators for manipulating and measuring cytosolic free calcium con-
centration [Ca?‘]; (43, 125). The quantitative relationship between [Ca?*);
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and secretion has been investigated in permeabilized cells, and, more
recently, validation of such data has been performed in our laboratory on
intact cells (44, 125, 126).

In this section we summarize results obtained by two different meth-
odologies for the investigation of the [Ca*']; dependency of exocytosis in
intact human neutrophils: (1) introduction of high-affinity Ca?* chelators
(e.g., quin2 and MAPT) into intact cells to buffer and control [Ca?]; tran-
sients and (2) establishment of [Ca?']; steady state with the Ca®* ionophore
ionomycin. Before summarizing these results a word of caution should be
applied: An important part of the methodology described here has been
used in populations of human neutrophils in suspension. We have more
recently discovered that surface-adherent neutrophils behave differently
in their properties, particularly regarding their Ca** homeostasis when
compared to the same cells in suspension.

Studies in Neutrophils in Suspension

The introduction of a new generation of Ca?* indicators of high affinity and
selectivity, the tetracarboxylates, and their intercellularly hydrolyzable
alkyl esters allowed the determination of [Ca?*]; in small intact mammalian
cells. Initially, quin2 was the most useful of the tetracarboxylate Ca** in-
dicators; in most cases it has been used either nonquantitatively or simply
to demonstrate [Ca2*]; rises as a consequence of certain stimuli (125, 127-
129). Afterward quin2 was used as a high-affinity Ca?* chelator to buffer
and control [Ca?*); transients, while simultaneously monitoring the actual
values of [Ca?*]; (130-132). Some of the more representative experiments
performed in populations of human neutrophils are described below.

Three subcellular compartments have been shown to release their con-
tent into the extracellular medium and were therefore studied. They are,
respectively (a convenient marker is indicated in parentheses), primary
granules (B-glucuronidase), secondary granules (vitamin By,-binding pro-
tein), and secretory vesicles (gelatinase).

Effect of intracellular [quin2],on [Ca*]; Transients Induced by the
Chemotactic Peptide fMLP. In Ca? medium at low [quin2]; there is a
rapid increase in [Ca®']; that reaches micromolar levels, followed by a
progressive decrease to basal levels. At high [quin1]; the amplitude of the
[Ca?*), rise is markedly reduced, usually reaching values no higher than 2-
or 3-fold the basal values (e.g., at its maximum, ~300 nM). The kinetics of
the [Ca?], transients are very different at high or low quin2 loadings. At
low loading, upon addition of fMLP, there is a rapid rise that is completed
in less than 10 sec, followed by a slow return to the basal level. At high
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loading the rapid phase is drastically reduced in amplitude, and a slow
phase of [Ca*]; rise is then observed that lasts for over 4 min. The fast
component must be attributed to the release of Ca?* from intracellular
stores, since it is also observed in the presence of EGTA, while the slow
component is probably due to an increased influx from the extracellular
medium, since it is abolished when external Ca?* is removed.

While at low [quin2];loadings in Ca?*-free medium, an important
[Ca®]; rise can still be measured (up to 850 nM); at high loadings the
[Ca*]; rise is barely significant, from 90 to 115 nM. The differences in
[Ca®]; rise at high and low loading in Ca?*-free medium should be attrib-
uted to the different Ca?*-buffering capacity provided by quin2, since the
amount of Ca* released in the two cases is rather similar.

We tested in parallel, in the same batch of cells, the effect of [quin2]; on
granule content release induced by fMLP. Increasing [quin2], decreases the
amount of primary and secondary granule exocytoses in Ca* medium.
The inhibitory effect on granule content release is much more pronounced
in Ca*-free medium, even in cells loaded with the lowest [quin2];.

Effect of [quin2]; on [Ca*]; Transients Induced by the Calcium Iono-
phore Ionomycin. quin2 affects [Ca?*]; rise induced by the calcium iono-
phore ionomycin in a predictable way: In Ca?* medium increasing quin2
loadings decreases the rate of [Ca?]; rise without affecting its final extent.
In contrast, the rate of [Ca?'] increase in Ca?*-free medium is practically
unaffected by the extent of [quin2], while the magnitude of the [Ca?*]; rise
is dramatically decreased. Again, the difference must be ascribed to the
extra cytosolic Ca?*-buffering capacity provided by quin2, since the
amount of Ca®* released is similar at both high and low loadings.

Effect of [quin2]; on [Ca?*]; in the Absence of Extracellular Ca?*. Levels
of [Ca*]; below the resting level were obtained by loading the cells with
quin2 in Ca*-free medium (133). Under these conditions the Ca?* stores
are depleted, and basal [Ca?']; is decreased 3- to 10-fold below the normal
resting level, depending on the [quin2]; used. This last approach has
proved extremely useful for determining whether a process under study
is Ca** dependent or independent, since, at resting [Ca?*]; levels below 20
nM, Ca'*-dependent processes do not occur.

Establishment of [Ca*']; Steady State with the Calcium Ionophore Iono-
mycin in Ca*-Buffered Cells. A second experimental approach which
proved most useful was to establish [Ca?*]; steady state in neutrophils with
a calcium ionophore and to assess the effect of different [Ca?*], values
obtained on secretion.
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The cells were loaded with the Ca?* chelator and indicator quin2,
[Ca*]; steady states were established with a fixed concentration of iono-
mycin (500 nM) and different concentrations of extracellular Ca*, and
exocytosis from three distinct subcellular storage organelles was assessed.

Ionomycin induced a rapid rise in [Ca®*];up to a plateau which de-
pended on the [Ca?];. The plateau remained constant for 10 min, indicating
that steady-state levels ranging from 120 to over 2000 nM can be estab-
lished by the experimental protocol adopted. Due to the poor indicator
sensitivity of quin2 at [Ca%*];above 2 uM, calibration at higher values
should not be attempted.

Conclusions about the Usefulness of This Approach for the Study of
[Ca*]; in Exocytosis of Neutrophils in Suspension. Human neutrophils
are ideal as a model cell to study the [Ca?]; dependency of exocytosis,
because they contain three biochemically well-defined storage compart-
ments with different reactivity to exocytotic stimuli (134-136).

We have addressed the question of whether Ca?* plays a role in neu-
trophil activation by using two different methodologies. The first was by
trapping into the cytoplasm of neutrophils various concentrations of the
Ca* indicator quin2, which binds Ca** with high affinity. This allowed us
experimentally to increase progressively the cytosolic Ca*-buffering ca-
pacity and subsequently to monitor the kinetics of [Ca*]; rises and func-
tional response induced by fMLP or ionomycin.

In the case of exocytosis there was a clear-cut correlation between the
final extent of [Ca?]; rise and exocytosis of the contents of both primary
(B-glucuronidase) and secondary (vitamin B,,-binding protein) granules.
Increasing [quin2]; decreases the maximal [Ca?]; rises and exocytosis in
response to fMLP, and these decreases are even more pronounced in
Ca%-free buffer, in which Ca? influx from the extracellular medium is
negligible and Ca?" originates only from intracellular pools. The calcium
ionophore ionomycin, which bypasses membrane surface receptors and
tends to dissipate [Ca?*], gradients (132), causes rapid rises in [Ca**]; and
degranulation at low quin2 loadings. Increasing quin2 loadings progres-
sively decreases the rates of [Ca*]; rises and exocytosis induced by the
ionophore, but since, in contrast to fMLP, the effects of the ionophore are
sustained, eventually both parameters tend to reach maximal levels. This
approach allowed the demonstration that there is a Ca** dependency for
exocytosis in human neutrophils.

The second methodology was to use a calcium ionophore to obtain
different {Ca*]; steady states and thus quantify more properly the Ca*
dependency of secretion.

Minimal enzyme release was observed when [Ca*]; was less than 200
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250 nM. Above this level release occurred, albeit to different extents, from
all three storage compartments. From the same experiments the [Ca*]; that
gave half-maximal release (EC;) of three markers was calculated. In neu-
trophils pretreated with cytochalasin B, these values were 610 and 650 nM
for vitamin B;,-binding protein and gelatinase, respectively (no statistical
difference). The ECs, for -glucuronidase release was 2600 nM, which is
much higher than the ECj; for release from specific granules and secretory
vesicles. [Ca*]; threshold and EC,; for exocytosis from specific granules
and secretory vesicles were similar.

The “ionophore clamp” approach overcomes some of the problems
found in the studies with permeabilized cells, since it manipulates
[Ca*]; more selectively. However, several factors (i.e.,, Ca?* release from
intracellular stores, Ca® buffering, and the effect of pH gradients across
the membrane) must be taken into consideration, and reliable information
can be obtained only if [Ca?*]; is monitored. It must be noted that iono-
phore clamping assumes that the ionophore can completely overcome the
Ca?*-buffering mechanisms of the cell, so that [Ca®"]; = 2-A-pH [Ca?*],. We
observed that with 0.5-1.0 uM ionomycin [Ca?‘], was still ~1000-fold high-
er than [Ca*}, and the equilibrium [Ca?**];= 2-A-pH [Ca?']; was not
reached, even at 10 uM ionomycin. The approach used in this study is
related to the ionophore clamp method. The high-affinity Ca?* chelator
quin2 served two purposes: it allowed manipulation of {Ca?]; and mon-
itoring of these levels. Another useful alternative approach is to combine
the fluorescent Ca?-sensitive probe fura-2 with an intracellular
nonfluorescent Ca?* chelator such as MAPT. In summary this approach
offers several advantages, particularly for the study of single cells. This
approach allowed us not only to find that chemoattractant-triggered secre-
tion is a Ca?*-dependent process, but also to quantify the [Ca*]; requir-
ement for half-maximal exocytosis. The ECss of specific granules and
secretory vesicles were significantly lower than that for azurophil granules
(Fig. 6).

Studies in Adherent Neutrophils

Buffering [Ca?*]; Transients and Assessment of Exocytosis at the Single-
Cell Level in Adherent Neutrophils. The approach described in the
previous section was naturally attempted in adherent neutrophils. How-
ever, we realized that several properties of the [Ca?‘]; signal were different
in adherent neutrophils. First was the unexpected discovery of the pre-
sence of spontaneous [Ca?']; oscillations not observed previously in cells in
suspension. Second, the addition of EGTA to the extracellular medium led
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to rapid intracellular Ca?* store depletion, a marked difference when com-
pared to cells in suspension in which Ca?* stores remain full for several
hours in the presence of Ca** chelators in the extracellular medium. Taking
these differences into account, a similar methodology for [Ca?']; manipu-
lation could be achieved.

We have monitored in parallel at the single-cell level [Ca*]; transients
during phagocytosis and accumulation of lactoferrin within the phago-
cytic vesicle (i.e., the fusion of secondary granules with the phagocytic
vesicle) by immunofluorescent staining. These experiments were per-
formed under three conditions: (1) normal control cells in the presence of
extracellular Ca*, (2) cells with increased cytosolic buffering capacity, and
(3) [Ca*];-depleted cells (MAPT loading in the presence or absence of Ca?,
respectively). Discharge of granule content into the phagosome was de-
tected in 80% of the control cells as a highly fluorescent ring around the
ingested particle. This percentage was reduced to 30% in Ca?-buffered
cells and further to less than 10% in Ca?*-depleted cells (48).

We could thus show at the single-cell level that [Ca?*], elevations are not
necessary for ingestion of particles, but control the fusion of granules with
the phagocytic vesicle during phagocytosis in human neutrophils (48).
These experiments indicate that the approach described above for large
populations of cells can also be used at the single-cell level (and even at a
subcellular level with image analysis systems in the future) for assessment
of the role of Ca?* in the control of secretion. It has been suggested in other
cellular systems that the control of secretion is frequency encoded; that is,
it is not only the amplitude, but also the frequency, of [Ca?*]; spiking that
determines the rate and extent of secretion. The precise role of these
[Ca**]; transients in modulating secretion in neutrophils remains to be
determined.

Role of Ca?* in Chemotaxis and Phagocytosis

Clearly, [Ca?]; controls the “secretory code” of neutrophils. In contrast the
role of [Ca*]; in modulating cell motile events has been more difficult to

FIGURE 6

Ca?* dependency of exocytosis from three subcellular
compartments in neutrophils. (A) Ca?* regulates
chemoattractant-triggered secretion with different

Ca?* dependencies for various granule populations, fMLP,
f-Met-Leu-Phe, (B) Secretion of primary and secondary granules
and secretory vesicle content at various steady-state [Ca%*]; levels.
[Reprinted with permission from D. P. Lew, Eur. J. Clin. Invest. 19,
338-346 (1989).]
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analyze. Phagocytosis of C3bi-coated yeasts in suspension is a Ca?*-in-
dependent event, while [Ca?‘]; elevations are required to modulate this
event if the yeast particle is coated with immunoglobulin G (137). When
the neutrophils adhere, [Ca**|-independent ingestion, even of unopson-
ized particles, occurs (O. Stendahl et al., unpublished observations). A
similar complex relationship in [Ca?*]; signaling occurs during chemotaxis.
Zigmond et al. (138) have shown that chemotaxis can occur in Ca?*-
depleted and/or -buffered cells. In contrast, Southwick et al. (139) have
shown that, while spreading occurs in the absence of extracellular Ca%,
adherence-associated actin polymerization on the lamellipodia requires
the presence of this cation in the extracellular medium. Marks and
Maxfield (140) suggested that [Ca*]; transients may play a role in the
detachment of cells from protein-coated surfaces. Preliminary experiments
from our laboratory suggest that, following attachment to a cell surface,
upon subsequent spreading a series of [Ca**]; transients is generated. These
[Ca?]; transients appear to result from activation of adherence receptors of
the integrin family, particularly Mol. Thus, the oscillatory component of
[Ca?]; in neutrophils spreading or actively moving over surfaces appears
to occur secondary to pseudopodal emission, contact with surfaces, and
activation of adherence receptors. Ca** might not only help to control the
actin network, but also regulate the localized secretion of granule compo-
nents (resulting in proteolysis of extracellular matrix components) and
deadhesion from the surface and killing of specific microbial targets.

Concluding Remarks

This review on Ca? translocation in signal transduction clearly witnesses
the amazing complexity of the subject, even if the review had to be limited
to only some aspects of this field. One might question whether this com-
plexity of the Ca? signaling is really necessary for the appropriate regula-
tion of neutrophil function. One might also argue, however, that what
seems complicated to us is, in reality, the simplest solution of complicated
problems. Taking the example of Ca?* oscillation, the latter is likely to be
the case. Until approximately 5 years ago almost any cell biologist would
have predicted that the Ca? signal in nonexcitable cells is a process simply
encoded by amplitude. The discovery of [Ca*]; oscillations in virtually all
cell types has seriously questioned this assumption. Also, although the
[Ca?]; oscillations were initially considered an “unnecessary complica-
tion,” cell biologists learned through discussions with their colleagues in
the engineering department what cells have probably known for millions
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of years: Frequency-encoded signals are more reliable and have less back-
ground noise than those encoded by amplitude. Thus, future research is
likely to teach us how economical and straightforward the cellular strat-
egies in Ca? signaling really are.
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Inositol Phosphate
Metabolism

Theodora S. Ross
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Introduction to Phosphatidylinositol
Turnover

Phosphatidylinositols are a group of phospholipids which compose up to
10% of the lipid of eukaryotic cells. These lipids are the precursors for the
water-soluble inositol phosphates, many of which are putative messenger
molecules. Following the original observation that cholinergic stimulation
of pancreatic slices results in an increased incorporation of 3*PO, into phos-
phatidylinositol (1-3), rapid turnover of phosphatidylinositols has been
observed in many cells in response to a variety of agonists (4).

This ”phosphatidylinositol effect” has subsequently been shown to
yield at lease three types of signaling molecules: inositol phosphates, dia-
cylglycerol, and arachidonic acid. The inositol phosphates are likely to
bear several messages and are the focus of this chapter. Diacylglycerol
activates protein kinase C (5). Arachidonate, released from diacylglycerol
by diacylglycerol lipase, from monoacylglycerol by monoacylglycerol li-
pase, and from phosphatidylinositol by phospholipase A,, is a metabolic
precursor of eicosanoids such as thromboxane A, and prostaglandin
L, (6).

Cellular and Molecular Mechanisms of Inflammation, Volume 3
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Before speculating on the functions of inositol phosphates and discuss-
ing how the inositol phosphates are metabolized, the structure of inositol
phosphates is described (7). Without a basic understanding of inositol
phosphate structure, it is more difficult to appreciate the biological
significance of the fact that several inositol phosphates as well as several
highly specific enzymes exist in cells. myo-Inositol has five equatorial
hydroxyls and an axial hydroxyl (position 2 on the inositol ring). If one
divides myo-inositol with a plane containing the 2- and 5-position hydrox-
yls, it can be seen that each half is the mirror image of the other; that is, the
myo-inositol molecule is nonchiral, as are inositol phosphates containing
phosphates substituted at the 2 or 5 position (Fig. 1). myo-Inositols sub-
stitutes with a phosphate at the 1, 3, 4, or 6 position convert to a chiral or
asymmetric molecule, specified as D- or L-inositol monophosphates. myo-
Inositol 1-phosphate derived from phosphatidylinositol isolated from
mammalian cells is of the D configuration (8). Because of this, all of the
inositol phosphates derived from these lipids are assumed to have the D
configuration.

Discovering the Biological Role of Inositol
Phosphates

Phosphatidylinositol-specific phospholipase C (PLC) catalyzes the hydrol-
ysis of phosphatidylinositols to produce directly or indirectly the poly-
and monophosphorylated inositols (Fig. 2). Some of these inositol phos-
phates have been studied extensively as putative second messengers, and
the metabolisms of most of these molecules have been elucidated (9-13).
Ins(1,4,5)P, promotes Ca?* release from internal stores and is the only in-
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ositol phosphate with a function that is widely documented and accepted.
The discovery of Ins(1,4,5)P, as the mediator of intracellular Ca** release is
well reviewed. However, the steps involved in making the discovery are
valuable to review whenever one begins to evaluate the putative functions
of other inositol phosphates.

Initially, a correlation between agonist-stimulated Ca?* mobilization
and “phosphatidylinositol turnover” was established (14, 15). It was then
determined in several cell lines that the rapid release of Ca®* correlated
with a concomitant elevation of intracellular Ins(1,4,5)P; levels. It was
hypothesized that the Ins(1,4,5)P, somehow mediated the Ca?* release.
This idea was tested in vitro by adding Ins(1,4,5)P; to **Ca**-loaded mi-
crosomal fractions (16-18) or “Ca?*-loaded permeabilized cells (19-23).
Release of the $Ca?* was demonstrated, and the kinetics of release were
consistent with the rate of Ca?* mobilization in intact cells. This response
to Ins(1,4,5)P; was shown to be saturable and had K, values in the range
of the agonist-stimulated cellular response (20). The Ca?* release was
shown to be specific in that other inositol phosphates were either much less
potent or ineffective (21). Finally, a specific receptor for Ins(1,4,5)P; was
identified (24-28), characterized (29-31), purified (32), cloned (33-36), and
reconstituted into lipid vesicles to enhance Ins(1,4,5)P;-mediated calcium
flux (37, 38).

The complexity of the metabolism of inositol phosphates suggests that
inositol phosphates, in addition to Ins(1,4,5)P;, which is only one of at least
20 different inositol phosphates isolated from cells, also bear messages.
Several functions for these molecules have been proposed, but most of
these are at the correlation level of the discovery process. These correla-
tions are reviewed during discussions of the enzymes which form and
degrade the particular inositol phosphates.

Many of the enzymes which create this complex metabolism have been
purified, characterized, and cloned. Further progress in elucidating the
biological roles of these molecules lies in purifying and cloning the remain-
ing enzymes. The cDNAs can be used to manipulate the levels of these
enzymes in hopes of identifying and characterizing biological phenomena
which result from the alteration of the cellular concentrations of the in-
ositol phosphates. Although the PLC enzymes and the pathways of inter-
conversion of phosphatidylinositols via phosphorylation and dephosphor-
ylation at the 3, 4, and 5 positions are not the topic of this review, they are
discussed briefly in order to place them in the context of inositol phosphate
metabolism. Focus is then shifted to the metabolism, function, and regula-
tion of the water-soluble inositol phosphates.
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Interconversion of the
Phosphatidylinositols

PtdIns and PtdIns phosphates are interconverted by a series of kinases and
phosphatases (upper panel of Fig. 2). The recent discoveries of these me-
tabolic pathways are reminiscent of the complexity of the metabolism of
water-soluble inositol phosphates. PtdIns(4)P and PtdIns(4,5)P,, which
represent approximately 0.1% of the total cellular lipid, are synthesized
sequentially by 4- and 5-position-specific kinases, respectively (39). These
two lipids can also be phosphorylated at the 3 position. There are two
types of PtdIns kinases: 3 position specific (type I) and 4 position specific
(type IT). There are also isoforms of each of these types (for a compre-
hensive review see Ref. 40). A PtdIns(4)P 5-kinase has been purified from
human red blood cell membranes (41) and is relatively specific for
PtdIns(4)P in that it phosphorylates PtdIns(4)P with a 100-fold higher
velocity than PtdIns. The phosphomonoesterases which catalyze the re-
moval of the phosphates have not been extensively characterized (42).

The PtdIns lipids phosphorylated in the 3 position are a very popular
topic to study, since the PtdIns 3-kinase has been shown to associate with
several growth factor receptors (43, 44), oncogene products (45, 46), and
the polyoma middle T antigen—pp60<s complex (47), suggesting that
PtdIns(3)P is involved in cell proliferation. Using antiphosphotyrosine
antibodies, Auger ef al. (48) found that immunoprecipitates have PtdIns
3-kinase activity that utilizes all of the “traditional” inositol lipids as sub-
strates. Whether this pathway occurs in vivo is not known (Fig. 2, ques-
tionable arrows in the top panel). PLC does not cleave the 3-phosphate-
containing lipids (49, 50). PtdIns(3)P is metabolized by the action of a
3-phosphomonoesterase activity that appears to be the same enzyme
which specifically catalyzes the hydrolysis of the 3-phosphate from
Ins(1,3)P,: inositol polyphosphate 3-phosphatase (see below for a discus-
sion of the 3-phosphatase; see also Ref. 51).

These 3-phosphate-containing lipids have been isolated from platelets
(52-54). Using the specific inositol phosphate phosphatases (described
below), we have been able to definitively identify the 3-phosphate-
containing inositol lipids in platelets and NIH-3T3 cells and determine
the major pathway for formation of these lipids. PtdIns(3,4)P,and
PtdIns(3,4,5)P; have two possible sources (Fig. 2). It was found that the
pathway involving 4-and 5-kinase-catalyzed reactions is the major path-
way. This route was discovered when cells were labeled with *2PQO, and the
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3-phosphate-containing inositol lipids were analyzed prior to equilibrium.
After deacylation and deglyceration the specific enzymes were used to
determine which phosphate on each lipid had the highest specific activity.
This phosphate is the last phosphate added during in vivo synthesis (52,
55).

PtdIns 3-kinase

The PtdIns 3-kinase (type I PtdIns kinase) has recently been purified (56,
57) and has at least two isoforms: Type I has a mass of 110 kDa both by gel
filtration and Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) analysis; type II has a mass of 190 kDa upon gel filtration
analysis and consists of 85- and 110-kDa subunits, as estimated by SDS-
PAGE analysis. These data suggest that the 110-kDa subunit is the catalytic
subunit. The 85-kDa subunit has been cloned and the primary structure
encodes src homology domains, designated SH2, which are found in sev-
eral of the proteins that associate with oncogene products and activated
growth factor receptors (58). Consistent with the presence of this sequence,
it has been demonstrated, with a ligand blot, that the polyoma middle T
protein associates with the 85-kDa subunit (56).

Since these lipids are of very low concentrations in the cell and PLC
does not catalyze their hydrolysis, they are not likely to be a significant
source of diacylglycerol and the presently known inositol phosphates of
the cell. They may function as lipids or as precursors of novel messenger
molecules. A correlation of the PtdIns(3,4)P, levels with actin polymeriza-
tion (59) has been observed, suggesting that these molecules anchor actin
filaments to the membrane. As with the water-soluble inositol phosphates,
the inositol phospholipid pathway is becoming very complex. The future
discoveries of additional kinases and phosphatases and their regulation
may indicate how these lipids are linked to cellular functions.

Production of Inositol Phosphates

The enzymatic reactions catalyzed by specific enzymes of the PtdIns cycle
are listed in Table I. The primary structures of several PLC enzymes, the
inositol monophosphatase, inositol cyclic 1:2-phosphate 2-phosphohydro-
lase (cyclic hydrolase), Ins(1,4,5)P, 3-kinase (3-kinase), inositol polyphos-
phate 1-phosphatase (I-phosphatase), and one of the inositol poly-
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TABLE I
Enzymes of Inositol Phosphate
Metabolism
Enzyme Substrate
PLC PtdIns, Ptdins(4)P, PtdIns(4,5)P,
Monophosphatase Ins(1)P, Ins(4)P, Ins(5)P
Cyclic hydrolase GroPIns, cIns(1:2)P
3-Kinase Ins(1,4,5)P3
1-Phosphatase Ins(1,4)P,, Ins(1,3,4)P;
5-Phosphatase cIns(1,4,5)P, Ins(1,4,5)P3,
Ins(1,3,4,5)P,
3-Phosphatase Ins(1,3)P,, PtdIns(3)P
4-Phosphatase Ins(3,4)P,, Ins(1,3,4)P5
cIns(1:2,4)P, 4-phosphatase cIns(1:2,4)P,
6-Kinase Ins(1,3,4)P3
1-Kinase Ins(3,4,5,6)P,
5-Kinase Ins(1,3,4,6)P,

phosphate 5-phosphatases (5-phosphatase) are known. The inositol poly-
phosphate 3-phosphatase (3-phosphatase), inositol polyphosphate 4-phos-
phatase (4-phosphatase), cIns(1:2,4)P, 4-phosphatase, 6-kinase, 1-kinase,
and 5-kinase enzymes have not yet been cloned.

PtdIns-Specific PLC

PLC catalyzes the reactions shown in Fig. 3. This figure illustrates that six
different inositol phosphates are formed, depending on the substrate and
conditions of the reaction. Recently, it was shown that both the cyclic and
noncyclic products are sterically inverted at the phosphorus (60). This is a
significant observation because it demonstrates that the mechanism of this
reaction involves a direct nucleophilic attack of the phosphodiester bond
by either water or the 2-hydroxyl. If the cyclic product were merely an
intermediate of the reaction, it would have a configuration opposite that of
the noncyclic product.

Guanine nucleotides activate PLC activity when added to membrane
preparations. Recently, a GTP-binding protein specifically linked to PLC-B
activation has been identified (G,). This activation is due to an increase in
intrinsic specific activity of PLC-f as well as a decreased requirement of the
reaction for Ca* (61). Another characteristic of PLC is that there are several
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FIGURE 3

Reaction catalyzed by phospholipase C (PLC).

isoforms of PLC; the members of this family have been reviewed (62—-64).
The existence of several forms may be due to a needed redundancy for
protection against mutations which, without this redundancy, would be
lethal. However, it also seems likely that the different forms carry out
distinct biological functions. In other words, the PLC-catalyzed reaction is
central to a signal transduction pathway in which fine tuning of this
reaction is needed. This may be accomplished with different G proteins or
by the use of isoenzymes with different properties for different responses
to agonist stimulation. This phenomenon of multiple enzyme forms in the
same cell appears again when another reaction central to this signal trans-
duction system, the 5-phosphatase ”signal-terminating” enzyme reaction,
is discussed.

The y isoform of PLC has received much attention due to several inter-
esting observations. Two isoforms of this y subtype have been cloned (62,
65, 66). In addition to having the conserved catalytic domains (65), these
y PLCs have the src homology (SH2) domains described previously for the
85-kDa subunit of the type II PtdIns 3-kinase (67, 68). As predicted, PLC-y
also associates with the epidermal growth factor (EGF) and platelet-de-
rived growth factor (PDGF) receptors and is phosphorylated on tyrosine in
response to growth factors. The other types of PLC have not been shown
to be phosphorylated on tyrosine. This phosphorylation activates PLC (69)
and correlates with the association of PLC with the PDGF and EGF re-
ceptors (70-73).

Stable overexpression of PLC-y in NIH-3T3 cells results in elevated
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inositol phosphate levels in response to PDGF stimulation, but does not
alter the magnitude of the growth response (increase of [*H]thymidine
incorporation) to PDGF (63, 74). This suggests that either PLC-y expression
and PtdIns turnover are unnecessary for the normal response to growth
factors or that the cells have a way of adapting to altered PtdIns turnover.
Unfortunately, other enzymatic activities of the PtdIns pathway have not
yet been assayed in these stable PLC-y-transfected cell lines. Alteration of
these activities upon PLC overexpression may give clues as to possible
secondary effects of PLC-y overexpression. Adaptation to this overexpres-
sion is a likely explanation of the lack of an effect on cell growth, since
injection of PLC into NIH-3T3 cells does lead to increased [*H]thymidine
incorporation, a marker of cell division (75), and serum-stimulated DNA
synthesis is inhibited by injection of PLC antibodies into cells (76). It is
possible that the different PLCs are linked to different cellular functions
[e.g., PLC-y with growth and PLC-B with vision (77)].

Cyclic Inositol Phosphate Pathway

The cyclic inositol phosphate pathway (Fig. 2, shaded pathway) is often
ignored in reviews of inositol phosphate metabolism. Despite this, the
potential for discovery of cyclic inositol phosphate functions remains very
high due to several recent findings, outlined below.

Possible functions for cIns(1:2,4,5)P, are the alteration of membrane
conductances in Limulus photoreceptor cells (78) and Xenopus oocytes (79)
and the mobilization of intracellular calcium stores (78, 80, 81). The ratio
of cyclic to noncyclic inositol phosphates in the cell increases with the
duration of agonist stimulation (82, 83). This may be due to a lower rate of
turnover of the cyclic inositol phosphates, but the significance of this ratio
is not known. The ratio produced in vitro by PLC-mediated cleavage of
phosphatidylinositols increases when PtdIns is the substrate, rather than
PtdIns(4)P or PtdIns(4,5)P, when the pH of the reaction is lowered to 5.5
from 7.0; when calcium is increased; or when PLC- is used as a catalyst,
rather than the 100 or y isoform of PLC (84).

Most of the cyclic inositol phosphate in the cell is in the form of
cIns(1:2)P. cIns(1:2)P is derived both directly from the degradation of
PtdIns by PLC and indirectly from PLC degradation of PtdIns(4,5)P, and
PtdIns(4)P followed by dephosphorylation of cIns(1:2,4,5)P; to cIns(1:2,4)P,
and dephosphorylation of cIns(1:2,4)P, to cIns(1:2)P. The inositol poly-
phosphate 5-phosphatase hydrolyzes cIns(1:2,4,5)P, to cIns(1,4)P,, but has
a very poor affinity compared to noncyclic Ins(1,4,5)P; (85). This may
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explain why cIns(1:2,4,5)P; returns to basal levels at a slower rate than
Ins(1,4,5)P; in agonist-stimulated cells. A cIns(1:2,4)P, 4-phosphatase from
bovine brain extracts converts cIns(1:2,4)P, to cIns(1:2)P (V. S. Bansal and
P. W. Majerus, unpublished observations). This is likely to be different
from the inositol polyphosphate 4-phosphatase (86), since it requires
Mg?* for catalytic activity. The protein which catalyzes the hydrolysis of
the cyclic bond, cyclic hydrolase, does not recognize the polyphospho-
rylted cyclic inositol phosphates (87) and is likely to be a rate-limiting
enzyme of this pathway, since as it catalyzes the only reaction known to
cleave the cyclic bond. This enzyme has several interesting properties,
which are outlined below.

Cyclic Hydrolase

The primary sequence of the cyclic hydrolase is identical to that of lipo-
cortin III, a member of a large family of homologous calcium- and phos-
pholipid-binding proteins without defined biological functions (88). Some
of these proteins have been shown to be phosphorylated in response to
growth factors. The purified enzyme (33 kDa) is inhibited by inositol
2-phosphate [Ins(2)P], Zn**, and glycerophosphoinositol (GroPIns) and
stimulated by acidic phospholipids (87, 89). The pattern of interaction with
particular phospholipids is the same as that previously observed for lipo-
cortins (88, 90). The mechanism of inhibition by GroPIns is due to its ability
to act as a substrate for this enzyme (89). The regulatory significance of this
reaction is unclear, as the level of GroPIns-hydrolyzing activity measured
in cellular extracts does not inversely correlate with the cellular levels of
GroPIns (T. S. Ross and P. W. Majerus, unpublished observations). The
presence of significant amounts of Ins(2)P and GroPlIns in cells has been
well documented (89, 91) and suggests that they may function as regu-
lators of cellular cIns(1:2)P levels.

Measurement of the cyclic hydrolase activity in cellular extracts has
unveiled a very interesting pattern. Cells with relatively low to nonde-
tectable activity were either completely transformed or partially trans-
formed (92). When levels of cyclic inositol phosphates were measured in
these cells, it was found that cIns(1:2)P increased in proportion to the
decreased cyclic hydrolase activity. The enzyme activity is also increased
within one cell type when it is in a confluent state as compared to a
logarithmically growing state. Overexpression of cyclic hydrolase in cells
decreases the cIns(1:2)P levels as well as the final saturation density. In
addition, high endogenous expression of cyclic hydrolase in cells tends to



CHAPTER 6 Inositol Phosphate Metabolism 163

correlate with the differentiated state (e.g., high levels in platelets, brain,
and neutrophils and low levels in several immortalized tissue culture cell
lines of fibroblasts and T cells). The finding that this correlation exists both
in nature and during heterologous expression of the enzyme makes the
discovery of a cellular function for cIns(1:2)P likely to be successful. Fur-
ther studies of the regulation of the cyclic hydrolase activity and cIns(1:2)P
cellular levels will yield valuable information as to how to continue the
quest for the function(s) of the cyclic bond.

Ins(1,4,5)P,/Ins(1,3,4,5)P, Pathway

It was originally thought that all of the InsP;in the cell was the Ins
(1,4,5)P; isomer. However, subsequent studies have demonstrated that the
Ins(1,3,4)P; isomer was also formed in cells (93). This led to the delineation
of the “tris/tetrakisphosphate pathway.” The discovery of this pathway
involved examination of the kinetics of the agonist-stimulated formation of
the InsP; isomers (94, 95). It was found that Ins(1,4,5)P; increased rapidly
in agonist-stimulated cells and that Ins(1,3,4)P; levels increased only after
a lag time. The origin of Ins(1,3,4)P; was a mystery. Possibilities included
PLC hydrolysis of a putative PtdIns(3,4)P, or isomerization of Ins(1,4,5)P;.
At the time, PtdIns(3,4)P, was not found in cells, and the amount of
Ins(1,3,4)P; was often greater than that of Ins(1,4,5)P;. This suggested that
isomerization of Ins(1,4,5)P; was the likely mechanism of the formation of
Ins(1,3,4)P;. It was next demonstrated that Ins(1,3,4,5)P, existed in cells (96)
and that this IP, could be converted when incubated with various cell
extracts to Ins(1,3,4)P; (97-99). Irvine et al. (100) subsequently identified a
3-kinase activity in cell extracts. This isomerization pathway is:

3-kinase 5-phosphatase
Ins(1,4,5)P; ——— 1Ins(1,3,4,5P, ————— Ins(1,3,4)P;

Ins(1,4,5)P;is the most well studied of the noncyclic inositol phos-
phates. Figure 2 shows that it has two possible fates: As described above,
it is either phosphorylated to Ins(1,3,4,5)P, or dephosphorylated to
Ins(1,4)P,. The enzymes that catalyze these conversions are 3-kinase and
5-phosphatase, respectively. 5-Phosphatase is considered a signal-termi-
nating enzyme, whereas 3-kinase is likely to be a signal-terminating as
well as signal-producing enzyme. Ins(1,4,5)P; 3-kinase does not metabol-
ize cIns(1:2,4,5)P; (86), whereas 5-phosphatase does (86). The affinity of the
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kinase for Ins(14,5)P, (K, = 0.2 uM) makes it a possible competitor of
5-phosphatase (K, = 5 uM) for utilizing the Ins(1,4,5)P; in the cell.

Possible Functions of Ins(1,3,4,5)P,

The best evidence in favor of Ins(1,3,4,5)P,’s having a messenger mole-
cule function is the demonstration by Theibert et al. (101) that specific
Ins (1,3,4,5)P, membrane binding sites in rat brain can be solubilized and
separated from Ins(1,4,5)P; binding sites. Prior to this observation, there
had been studies indicating that Ins(1,3,4,5)P, somehow functions in mod-
ulating intracellular Ca?* levels. For example, when acetylcholine binds to
muscarinic receptors of exocrine acinar cells, cytosolic Ca?* rises, and this
activates calcium-dependent K* channels (102). If one injects Ins(1,4,5)P,
and Ins(1,3,4,5)P, simultaneously, one can mimic this response. Injection of
either of these inositol phosphates alone has no effect. It has been sug-
gested that Ins(1,4,5)P; mobilizes intracellular sources of calcium and
Ins(1,3,4,5)P, controls entry from the extracellular fluid in concert with
Ins(1,4,5)P; (10). However, there is a paucity of data supporting this hy-
pothesis, and the original studies which were the basis for the formation
of this hypothesis have not been reproducible (103). There should be less
speculation about calcium mobilization and more investigation of
Ins(1,3,4,5)P, as a signal for other biological events in addition to Ca* mo-
bilization. For example, decreasing the expression of 5-phosphatase would
be expected to cause a build-up of Ins(1,3,4,5)P,in the cell, whereas de-
creasing the expression of 3-kinase would indicate how Ins(1,3,4,5)P,
deficiency effects the phenotype of the cell.

Ins(1,4,5)P, 3-kinase

As one would expect of a reaction which converts one messenger molecule
[Ins(1,4,5)P,] to another {Ins(1,3,4,5)P,], the 3-kinase enzyme is highly reg-
ulated. Examples of its regulation in cells includes 14-fold increases of
activity during development from fetus to adult (104), activation by cal-
cium and calmodulin (101, 105-109), and 7-fold increased specific activity
in src-transformed cells (110). The primary structure of the enzyme (111)
has several PEST sequences and a calmodulin binding domain. It has been
proposed that correlation of PEST sequences (single-letter amino acid
code) and sensitivity to the calpain protease or calmodulin activation is
due to negatively charged amino acids’ binding calcium, which then binds
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both calpain and calmodulin locally. Purification of this enzyme in the
presence of a specific calpain inhibitor increases yields and decreases the
3-kinase-immunoreactive bands from seven to three in purified prepara-
tions stained with anti-3-kinase monoclonal antibodies. Although this in-
dicates that this cleavage occurs during purification, it may be a route for
regulating 3-kinase activity in intact cells.

Transient expression of 3-kinase has been successful in COS cells (111).
However, the phenotypic results of overexpression have not yet been
reported. Expression of mutants of 3-kinase which have deleted PEST sites
may answer the question as to which PEST sites are important for modula-
tion of activity. In addition there is a protein kinase A consensus sequence
near the N terminus of the second PEST region which may also contribute
to modulation of the enzyme activity in cells. For example, in hepatocytes
3-kinase activity is stimulated by a combination of protein kinase A and
protein kinase C activation (112). Coexpression of 3-kinase with 5-phos-
phatase, which recognizes both the substrate and the product of 3-kinase,
may give a spectrum of phenotypes and Ins(1,3,4,5)P,/Ins(1,4,5)P; ratios. It
will be interesting to determine whether these levels correlate inversely
with these activities, as was found with cyclic hydrolase (see above).

Inositol Polyphosphate 5-phosphatase

The 5-phosphatase has three known inositol phosphate substrates:
Ins(1,4,5)P;, cIns(1:2,4,5)P;, and Ins(1,3,4,5)P,. Since these are all putative
signaling molecules, as described above, this enzyme is signal terminating,
and therefore it is likely to be tightly regulated. An example of this regula-
tion has been observed in phorbol ester-treated platelets (113). 5-Phos-
phatase activity has been detected in all cells tested and is composed of
more than one form distributed both in cytosol and in membranes. This is
reminiscent of the presence of several phospholipase C isoforms (62, 63).
Two 5-phosphatase types have been identified from human platelets (114,
115), rat brain (116, 117), and bovine brain (118). The two types from
platelets have been purified, and type II has been cloned (119). The re-
ported affinities of these enzymes for Ins(1,3,4,5)P, and Ins(1,4,5)P; vary
(for a comprehensive review see Ref. 120), and in general the 5-phos-
phatase isoforms have higher affinities for Ins(1,3,4,5)P,than for
Ins(1,4,5)P;. A membrane-bound 5-phosphatase has been partially purified
and has properties similar to type I (117). Finally, the platelet type I
5-phosphatase is phosphorylated and activated by protein kinase C (121).

The primary sequence of the type II platelet enzyme has several consen-
sus sequences for different protein kinases and has a predicted molecular
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mass of 75 kDa. An antibody directed against either the N terminus or C
region of recombinant protein precipitates type II, but not type I, activity.
This result indicates that the type I and II activities are immunologically
distinct as well as physically distinct, as evidenced by their different chro-
matographic properties (119). With the acquisition of this clone and anti-
bodies which immunoprecipitate and blot the enzyme, the cloning of the
other isoforms and study of their regulation in vivo are events of the near
future.

Other Pathways of Inositol Phosphate
Metabolism

The inositol polyphosphate 1-phosphatase catalyzes the hydrolysis of
Ins(1,3,4)P; and Ins(1,4)P, at the 1-position phosphate (122). The latter two
inositol phosphates have not been found to have convincing functions in
any physiological system. However, some measured effects of these in-
ositol phosphatase include Ins(1,4)P, activation of human DNA polymer-
ase a (123) and Ins(1,3,4)Py-mediated calcium mobilization in Swiss mouse
3T3 cells (ECs, of 10 uM) (80). This calcium-mobilizing activity is plausible,
as the cellular concentration of Ins(1,3,4)P; has been shown to reach 25 uM
levels in stimulated cells. It has been suggested that Ins(1,3,4)P; functions
to deplete intracellular stores of calcium as a mechanism of desensitization
of cells to chronically elevated levels of Ins(1,4,5)P;. Unfortunately, these
calcium-mobilizing data have not been followed with receptor isolation,
cloning, and reconstitution, as in the Ins(1,4,5)P; case. At present there is
little evidence for a cellular function of Ins(1,3,4)P;. If it is true that
Ins(1,3,4)P; has little biological significance, why is the metabolism of this
inositol trisphosphate so complex? Why does its metabolism vary between
tissues? Is it possible that this tissue-specific complexity reflects the impor-
tance of one of its products? The answer to these questions may be ob-
tained by manipulating the metabolism of Ins(1,3,4)P; with molecular
genetic techniques. Of the enzymes which metabolize Ins(1,3,4)P,, only the
1-phosphatase has been cloned.

Inositol Polyphosphate 1-phosphatase

The mass of the 1-phosphatase is 44 kDa, as determined by SDS-PAGE
(124, 125) as well as predicted from the cDNA (126). It is likely that there
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is only one form of this enzyme, since rabbit antiserum, prepared against
homogeneous protein purified from bovine brain, precipitates more than
95% of the activity which hydrolyzes Ins(1,4)P, to Ins(4)P in several tissues
(127). As is described for the monophosphatase, Li* inhibits this enzyme
noncompetitively, with k; values of 0.3 and 6 mM for Ins(1,3,4)P; and
Ins(1,4)P, hydrolyses, respectively (124, 127). Unexpectedly, the primary
structure of this enzyme (13 ) has very little, if any, homology with the
monophosphatase (see below), in spite of the fact that they are both non-
competitively inhibited by Li*. The overexpression of this enzyme in cells
is likely to yield a very interesting result, since the Ins(1,3,4)P; substrate is
at a three-way branching of inositol phosphate metabolism (Fig. 2). Chang-
ing the directions may give clues as to the function of either Ins(1,3,4)P,
itself or the inositol phosphate products resulting from its metabolism.

Inositol Polyphosphate 4-phosphatase

Ins(1,3,4)P; is converted to Ins(1,3)P, by a specific 4-phosphatase which is
metal ion independent (128). This enzyme has been partially purified from
the soluble fraction of calf brain (86) and has been found to have a mass
of 110 kDa, as estimated by both gel filtration and SDS-PAGE. The 4-
phosphatase also degrades Ins(3,4)P, to Ins(3)P. The ratio of 4-phosphatase
to 1-phosphatase activity in a variety of cell types has been determined
(127), and only in the brain does the 4-phosphatase activity predominate.
Other than the latter observation, the role of this enzyme in the biology of
inositol phosphates has not yet been investigated.

Inositol Polyphosphate 3-phosphatase

The Ins(1,3)P, produced by the 4-phosphatase-mediated hydrolysis of
Ins(1,3,4)P; is metabolized by a specific 3-phosphatase that does not re-
quire metal ions for activity (128). This enzyme has recently been purified
to homogeneity and has some very interesting properties (51). As men-
tioned in the discussion of PtdIns(3)P metabolism, this enzyme also uses
PtdIns(3)P as a substrate. In addition it has been isolated in two forms:
Type Iis 65 kDa by SDS-PAGE analysis and 110 kDa by gel filtration; type
Iis 147 kDa by gel filtration and consists of two subunits of 65 and 78 kDa,
as demonstrated by SDS-PAGE. The 65-kDa subunit of each type is either
the same or highly related to the 65-kDa subunit of the other 3-phos-
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phatase isoform. The type I enzyme prefers the water-soluble substrate
[Ins(1,3)P,], and the type II prefers the lipid-soluble substrate [PtdIns(3)P].
This pattern of two isoforms which share a similar subunit is reminiscent
of the two forms of PtdIns 3-kinase described earlier. It may not be coin-
cidental that both of these activities mediate the modification of the 3
position on the inositol ring of phosphatidylinositol. It is likely that the
cloning of these two enzymes will demonstrate some interesting homol-
ogies.

Phosphorylation of Ins(1,3,4)P,

Ins(1,3,4)P; can be phosphorylated by a 6-kinase, yielding Ins(1,3,4,6)P,
(120, 130-132). Since this reaction requires energy, it is very possible that
this conversion of Ins(1,3,4)P;is of physiological significance. Ins(1,3,4,5,6)P;s
is produced from a Ins(1,3,4,6)P, 5-kinase or a Ins(3,4,5,6)P, 1-kinase (131).
The 6-kinase has been partially purified from liver (13 ) and brain (132) and
has a mass of 30 kDa, as estimated by gel filtration. Interestingly, it is
inhibited by 10 uM Ins(1,3,4,5)P, (133). Could this inhibition be a biological
function for Ins(1,3,4,5)P,? Is the formation of Ins(1,3,4)P; just a part of the
route for formation of Ins(1,3,4,6)P, or Ins(1,3,4,5,6)Ps? Determination of
the primary structure and regulation of the enzyme(s) which catalyzes
these reactions may answer these questions.

Monophosphatase

The monophosphatase cDNA has been isolated (134) and has a novel
sequence with significant homology with the QAX protein of Neurospora
crassa and the QUTG protein of Aspergillus nidulans, both of which are
thought to be involved in quinate metabolism. The relationship of this
metabolic pathway and the PtdIns pathway is not clear. The purified
protein catalyzes the hydrolytic removal of phosphate groups in the 1, 3,
4, and 5 positions on the inositol ring (124, 135). The latter nonselectivity
for a particular position on the inositol ring is anomalous as compared to
the more specific inositol polyphosphate phosphatases. This enzyme, like
the 1-phosphatase, is inhibited noncompetitively by Li*. Li* traps the en-
zyme in an inositol phosphate—enzyme complex which prevents hydrol-
ysis of the product (136, 137). With this inhibition in mind, it is tempting
to speculate that the clinically useful effects of Li*in treating various
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mental disorders is due to a mechanism involving the monophosphatase
and/or the 1-phosphatase (for a review see Ref. 138). The results of un-
derexpression of the cDNA (using either antisense techniques or over-
expression of inactive subunits) can be predicted to be similar to the
effects of Li* on cells which include increased inositol phosphates, dimin-
ished elevation of Ins(1,4,5)P; and Ins(1,3,4,5)P, upon agonist stimulation
(consistent with the inositol depletion hypothesis), and altered develop-
ment (i.e., teratogenesis). However, Li* is much less selective, and some of
its effects may not be specific to monophosphatase inhibition. Although
overexpression of the cDNA clone has not yet been reported, it is not
expected to biologically affect the cell, as the monophosphatase is not
known to be a rate-limiting enzyme because it has several substrates
which represent the convergence of at least six different metabolic path-
ways (Fig. 2). Also, the enzyme activity has not been found to be altered
in different cell types, at different stages of cell growth, or in response to
cell stimulation.

Closing Comments

A review of the recent findings and ideas about phosphatidylinositol
metabolism with reference to the previously established facts unveils
many details that do not yet fit into these new stories. From this overview
it is clear that the molecular genetic strategy for studying the key reactions
of inositol phosphate metabolism and inositol phosphate functions is mak-
ing progress. However, it is disappointing that the sequences of the pres-
ently isolated clones share little homology. One might have predicted that
there would be a common inositol-binding sequence in all of the enzymes
that mediate the different pathways of Fig. 2. Finally, the continued search
for new regulatory proteins that bind and/or metabolize these inositol
phosphates is a route of study which, as in the past, will be both surprising
and exciting.
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Phosphatidylinositol
3-kinase: A Novel
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Pathway?
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Introduction

Polyphosphoinositides have been extensively studied because of their in-
volvement in intracellular signaling. Phosphatidylinositol 4,5-bisphos-
phate (PtdIns-4,5-P,) and phosphatidylinositol 4-phosphate (PtdIns-4-P)
are precursors of the second messenger pathway involving inositol 1,4,5-
trisphosphate (Ins-1,4,5-P;) and diacylglycerol (DAG). Recently, a group of
polyphosphoinositides containing a phosphate at the D-3 position of the
inositol ring has been found. The enzyme primarily responsible for produ-
cing these lipids, phosphatidylinositol 3-kinase (PtdIns 3-kinase), was dis-
covered because of a tight physical association with various oncogene
products and growth factor receptors with intrinsic protein tyrosine kinase
activity. The lipid products of this enzyme are not in the conventional
phosphatidylinositol (PtdIns) turnover pathway, but appear to act in a
new signaling pathway.

Cellilar and Molecular Mechanisms of Inflimmation, Volume 3
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This review discusses the enzymology and mechanism of regulation of
PtdIns 3-kinase, which has been implicated in the control of cell growth
and transformation. Phosphoinositide kinases are summarized in more
detail in a recent review (Carpenter and Cantley, 1990).

Pathway and Structures for the
Conventional Polyphosphoinositides

A large number of extracellular ligands are involved in the regulated
breakdown of polyphosphoinositides. Two very well-characterized sec-
ond messengers are produced as a consequence of ligand-receptor inter-
action: DAG and Ins-1,4,5-P;. The production of these two second messen-
gers results from the cleavage of PtdIns-4,5-P,by a Ptdlns-specific
phospholipase C (PtdIns-PLC). DAG activates the Ca?*/phospholipid-de-
pendent serine/ threonine protein kinase C (PKC), and Ins-1,4,5-P; releases
Ca* from intracellular stores. PtdIns-4,5-P, is formed from the sequential
phosphorylation of PtdIns and then PtdIns-4-P by phosphatidylinositol
4-kinase (PtdIns 4-kinase) and PtdIns-4-P 5-kinase, respectively (see Fig. 1).

Ptdins PtdIns-4-P
4-kinase 5-kinase

Ptdins ———» PtdIns-4-P ——» Ptdlns-‘l,S-P2

Phospholipase C

DAG + Ins-1 .1.5-P3

v

Stimulation of
Caz+ release

Activation of PKC
FIGURE 1

The conventional phosphoinositide pathway. PtdIns-4,5-P, is
formed by sequential phosphorylation of PtdIns and is a substrate
for phospholipase C. The hydrolysis products, diacylglycerol
(DAG) and Ins-1,4,5-P;, activate protein kinase C (PKC) and
stimulate Ca®* release, respectively.
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Since the early reports of mitogenic stimulation of lymphocytes by Fisher
and Mueller (1968) and of retroviral transformation by Diringer and Friis
(1977), many studies have linked stimulated phosphoinositide turnover
with cellular proliferation. The relationship between cell proliferation and
general phosphoinositide metabolism has been extensively reviewed (see,
e.g., Berridge, 1987; Rana and Hokin, 1990; Weinstein, 1987; Whitman and
Cantley, 1988).

PtdIns is 1,2-diacyl-sn-3-glycerophosphoryl D-1 myo-inositol; in mam-
malian cells the acyl chains are often stearoyl (Cy;) at the 1 position and
arachidonoyl (C,; 5,8,11,14) at the 2 position of glycerol. Figure 2A shows
the structure of PtdIns. PtdIns-4-P and PtdIns-4,5-P, are the products of
sequential phosphorylation of PtdIns and PtdIns-4-P by distinct enzymes
(see Fig. 1). The structures of these polyphosphoinositides are shown in
Fig. 2B and C.

A Distinct Phosphatidylinositol Kinase
Associates with Activated Protein Tyrosine
Kinases

The initial report that showed evidence of a direct association between a
protein tyrosine kinase and PtdIns kinase activity was provided by Sugi-
moto et al. (1984). A highly purified preparation of pp60v<< had PtdlIns,
PtdInsP, and DAG kinase activities that could be inhibited in parallel with
inhibition of the protein tyrosine kinase activity. In addition, previous
work had shown that similar preparations of pp60v<<had the ability to
phosphorylate low-molecular-weight alcohols, including glycerol (Grazi-
ani et al., 1983; Richert et al., 1982). These early results led to the suggestion
that pp60v=< itself was responsible for the lipid kinase activity. However,
subsequent work established that pp60vsexpressed in vitro lacked the
lipid kinase activity and that a tightly associated protein(s) from the host
cell was responsible for the lipid kinase activity (Kaplan et al., 1987; Piwn-
ica-Worms et al., 1986).

Concurrent work by Macara ef al. (1984) demonstrated that PtdIns ki-
nase activity immunoprecipitated with p68+', the transforming protein of
the avian sarcoma virus UR2. This protein, like pp60¥=7, is a protein ty-
rosine kinase.

Whitman et al. (1985) demonstrated that the middle T antigen (mT) of
polyoma virus that associated with and activated the cellular homolog of
pp60Y-= (pp60-) also associated with an active PtdIns kinase. The PtdIns
kinase activity could be immunoprecipitated from transformed cells, but
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FIGURE 2

Structure of the various polyphosphoinositides. (A) Structure of
phosphatidylinositol (1,2-diacyl-sn-3-glycerophosphoryl D-1
myo-inositol. Also shown are structures of (B) phosphatidylinositol
4-phosphate, (C) phosphatidylinositol 4,5-bisphosphate, (D)
phosphatidylinositol 3-phosphate, (E) phosphatidylinositol
3,4-bisphosphate, and (F) phosphatidylinositol 3,4,5-trisphosphate.
R and R” represent the fatty acyl chains found in
phosphatidylinositol: R", Stearoyl; R, arachidonoyl.



CHAPTER 7 Phosphatidylinositol 3-kinase 179

FIGURE 2

continued
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not from mock-infected controls (Whitman et al., 1985), using either anti-
mT antiserum or anti-pp60° monoclonal antibodies.

PtdIns kinase activity was also detected in v-abl protein tyrosine kinase
immunoprecipitates from Abelson-transformed cells (Fry et al.,, 1985).
Thus, a correlation between the association of PtdIns kinase activity and
protein tyrosine kinases involved in cell transformation was established.

A further characterization of PtdIns kinases in fibroblasts revealed the
existence of two distinct enzymes, only one of which associated with
protein tyrosine kinases. The two PtdIns kinase activities from whole-cell
lysates could be separated by a Mono Q (Pharmacia, Piscataway, NJ)
anion-exchange fast protein liquid chromatography column. The two en-
zymatic activities differed with respect to inhibition by adenosine, K, for
ATP, and sensitivity to nonionic detergents (Whitman et al., 1987). The
activities could also be differentiated by their ability to associate
specifically with the activated protein tyrosine kinases pp60'<and
mT/pp60c. The PtdIns kinase activity which eluted first from the Mono
Q column (designated type I) was the activity that associated with protein
tyrosine kinases and was inhibited by detergent. The PtdIns kinase activity
which eluted from the anion-exchange column at higher salt concentration
(designated type II) was inhibited by adenosine and was activated by
nonionic detergents (Whitman et al., 1987). In addition, the type II PtdIns
kinase activity bound non specifically to Sepharose (Sigma Chemical
Corp., St. Louis, MO) beads commonly used in immunoprecipitations
(Jackowski et al., 1986; Whitman et al., 1987) and could be removed by
washing with NP-40 (Sigma Chemical Corp., St. Louis, MO) (Whitman et
al., 1987). The type I PtdIns kinase activity was the more abundant activity
in the cell.

Type I PtdIns kinase activity was also linked to tyrosine-phosphory-
lated proteins in nontransformed cells with the observation that this ac-
tivity copurified with the activated platelet-derived growth factor (PDGF)
receptor in PDGF-stimulated cells. Wheat germ lectin- and antiphospho-
tyrosine (a-P-tyr)-purified PDGF receptor from stimulated fibroblasts con-
tained type I PtdIns kinase activity (Whitman et al., 1987). However, the
activity was not present in the partially purified preparations if the cells
were not stimulated with PDGF prior to purification.

An exciting breakthrough came with the finding that type I PtdIns
kinase phosphorylated PtdIns to produce a previously undescribed
PtdInsP, PtdIns-3-P, instead of the conventional PtdIns-4-P product (Whit-
man et al., 1988). Initially, the novel product appeared to comigrate with
PtdIns-4-P on both one- and two-dimensional thin-layer chromatography
systems. More careful analysis revealed that the PtdInsP produced by the
type I enzyme migrated slightly more slowly than the PtdInsP produced
by the type II PtdIns kinase using the standard chloroform:methanol:am-
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monium hydroxide thin-layer chromatography solvent system (Whitman
et al., 1988). The fatty acyl side chains of the two products were examined
by reversed-phase high-performance liquid chromatography (HPLC) and
were found to have similar distributions. A difference was found when the
inositol head group of the two products was examined to determine the
location of the incorporated phosphate. Deacylation of the novel PtdInsP
to remove the fatty acyl chains produced a glycerophosphoinositol phos-
phate (gPtdInsP) that had a distinctly different retention time on strong
anion-exchange HPLC from that of the gPtdInsP produced from deacylat-
ing PtdIns-4-P. In addition, when deacylation of the novel gPtdInsP was
followed by mild periodate treatment (deglyceration), the inositol bispho-
sphate (InsP,) that resulted was distinct from the product of deacylated
and deglycerated PtdIns-4-P (Whitman et al., 1988). The different retention
times on the strong anion-exchange HPLC column provided evidence that
the type I PtdIns kinase phosphorylated a different position of the inositol
ring than the conventional PtdIns kinase typically found in cells.

The InsP, produced after deacylating and deglycerating the products of
the type I and type II PtdIns kinases was incubated with 100 mM sodium
periodate, reduced with borohydride, and then treated with phosphatase
to generate polyols that could be identified by HPLC on a Brownlee
polybore carbohydrate column by comigration with standards. The polyol
produced from the novel PtdInsP could only result if the starting lipid was
phosphorylated at the D-1 and D-3 positions of myo-inositol. Thus, the
starting material was PtdIns-3-P (Whitman ef al., 1988). The structure of
PtdIns-3-P is shown in Fig. 2D.

The generation of PtdIns-3-P as discussed above was from in vitro
immunoprecipitates. Whitman et al. (1988) also showed that an inositol
lipid with properties identical to those of PtdIns-3-P was present in intact
fibroblasts. Cells transformed with mT were labeled with [*H]inositol and
the phospholipids were extracted and deacylated for subsequent HPLC
analysis. A peak that comigrated with [*P]gPtdIns-3-P generated in vitro
was detected and constituted 3.3% of the total PtdInsP in the [*H]inositol-
labeled cells (Whitman et al., 1988). The structure of PtdIns-3-P extracted
from in vivo labeled cells was confirmed by analysis of lipids from astro-
cytoma cells (Stephens et al., 1989). Stephens et al. (1989) also found that the
turnover rate of PtdIns-3-P was similar to the rate of turnover for the
conventional polyphosphoinositides. This suggested that PtdIns-3-P,
PtdIns-4-P, and PtdIns-4,5-P, were synthesized from a common pool of
phosphatidyl-myo-inositol (Stephens et al., 1989).

The discoveries that a novel PtdInsP was produced by type I PtdIns
kinase and that this kinase was directly associated with protein tyrosine
kinases such as growth factor receptors and activated oncogene products
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led to the proposal that PtdIns-3-P, or a metabolite, could be a mitogenic
signal for these protein tyrosine kinases.

Phosphatidylinositol 3-kinase Is Linked to
Cell Proliferation and Transformation

The previous discussion illustrates the association of a PtdIns kinase ac-
tivity with the activated protein tyrosine kinases pp60v< (Kaplan et al.,
1986; Sugimoto et al., 1984), pp68+" (Macara et al., 1984), and v-abl (Fry et
al., 1985) and the mT/pp60<= complex (Kaplan et al., 1986; Whitman et al.,
1985). Examination of various polyoma mT mutants provided convincing
evidence that PtdIns 3-kinase was important for cell transformation.

The nontransforming mT mutants NG59 and py1387T do not have
associated PtdIns kinase activity and also do not activate pp60-s~ (Kaplan
et al., 1986; Whitman et al., 1985). Polyoma mutant py1178T is characterized
as having a host range-specific defect in transformation; however, py1178T
is still capable of associating with and activating pp60¢* (Carmichael et al.,
1984; Qostra et al., 1983). When this mutant was examined for Ptdlns
kinase activity, an intermediate level of kinase activity was detected (Whit-
man et al., 1985). Three other important mutants—dI23, dl1015, and
dl1014/py1178T—were found to associate with and activate pp60<* to
wild-type levels of protein tyrosine kinase activity, but they were only
partially transformation competent. These mutants had intermediate lev-
els of PtdIns kinase activity compared with transformation-competent
wild-type mT, much like the previously described py1178T mutant (Whit-
man et al., 1985). pp60°* immunoprecipitates from cells transformed with
simian virus 40 large T antigen or an activated c-ras gene did not have
increased PtdIns kinase activity. Thus, these results provide evidence that
the association of pp60<** and PtdIns kinase was not a general phenom-
enon of the transformed phenotype, but instead was specific to mT or v-src
transformation (Kaplan et al., 1986).

Mutational studies with the PDGF receptor suggest that PtdIns 3-kinase
is functionally important for regulated cell proliferation. The PDGF re-
ceptor is the prototype for a family of protein tyrosine kinase growth factor
receptors. This receptor family has a “kinase insert” region which divides
the conserved kinase domain (Williams, 1989). Removal of the kinase
insert region and transfection of this mutant receptor (AKI) into Chinese
hamster ovary cells illustrates the importance of PtdIns 3-kinase to cell
proliferation. Cells transfected with either the wild-type of AKI receptor
and stimulated with PDGF had similar responses with respect to PDGF
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binding, protein tyrosine kinase activity, pH change, accumulation of in-
ositol phosphates, and Ca* mobilization. However, PDGF did not stim-
ulate incorporation of [’H]thymidine and cause an increase in cell number
in cells transfected with the AKI mutants (Escobedo and Williams, 1988).
It was later shown that the AKI mutant could not associate with PtdIns
3-kinase (Coughlin et al., 1989).

Since PtdIns kinase was found to be associated with activated protein
tyrosine kinases, but not with nontransforming mT mutants, the AKI mu-
tant, or the unstimulated PDGF receptor, it was possible to find a candi-
date polypeptide for type I PtdIns kinase. Kaplan et al. (1987) suggested
that an 85-kDa phosphoprotein, common to mT/pp60= and PDGF re-
ceptor immunoprecipitates, was the putative PtdIns kinase or one of its
subunits. Indeed, the 85-kDa polypeptides detected in both types of im-
munoprecipitates were shown to be very similar or identical by V8 and
chymotrypsin protease mapping. The 85-kDa polypeptide was also shown
to be phosphorylated both in vitro in immune complex kinase reactions
and in vivo by P, labeling. Both labeling procedures produced labeled
phosphoserine and phosphotyrosine residues. Neither the 85-kDa protein
nor PtdIns kinase activity could be detected in a-P-tyr immunoprecipitates
from epidermal growth factor (EGF)-stimulated or simian virus 40 T anti-
gen-transformed cells. However, both the polypeptide and PtdIns kinase
activity were detected in o-P-tyr immunoprecipitates from cells trans-
formed with v-fins and v-sis (Kaplan et al., 1987).

Courtneidge and Heber (1987) also observed a correlation between the
appearance of PtdIns kinase activity and an 81-kDa polypeptide in
mT/pp60s immunoprecipitates from cells containing various mT mu-
tants. p81 was shown to be phosphorylated exclusively on tyrosine re-
sidues in the immune complex protein kinase reaction and was also found
in immunoprecipitates from 3P;-labeled cells. The presence of this protein
and the correlation with PtdIns kinase activity in a number of mT mutants
suggested that p81 was the PtdIns kinase (Courtneidge and Heber, 1987).

The association of PtdIns 3-kinase activity with activated protein tyro-
sine kinases correlated with the mitogenic response. However, the mere
association of PtdIns 3-kinase activity with an activity protein tyrosine
kinase was soon shown to be insufficient for mitogenesis. Although the
association of PtdIns kinase activity with pp60*<had been reported as
early as 1984 (Sugimoto et al., 1984), the formal identification that the
product of the lipid kinase assay was PtdIns-3-P was not confirmed until
later by Fukui and Hanafusa (1989). More importantly, a myristylation-
defective mutant, although still associated with PtdIns 3-kinase, was defec-
tive in transformation (Fukui and Hanafusa, 1989).

A second example that association of PtdIns 3-kinase with an activated
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protein tyrosine kinase was insufficient for mitogenesis was based on the
observation that the colony-stimulating factor 1 (CSF-1) receptor associates
with PtdIns 3-kinase (Varticovski et al., 1989). Mutation of Tyr-809 to
phenylalanine in the human CSF-1 receptor resulted in the inability to
transduce a mitogenic signal, even though the receptor was active as a
protein tyrosine kinase, associated with PtdIns 3-kinase activity, and in-
duced the expression of the protooncogenes c-fos and junB (Roussel et al.,
1990).

The final example which showed that association of PtdIns 3-kinase
with an activated protein tyrosine kinase is not sufficient for transforma-
tion was provided by a previously undescribed polyoma mT mutant. This
mutant was characterized as having a single amino acid substitution:
Pro-248 was converted to leucine (Druker et al., 1990). This mT mutant not
only activated the protein tyrosine kinase activity of pp60<* to wild-type
levels, but also associated with PtdIns 3-kinase. In addition, the in vitro
PtdIns 3-kinase activity was similar to the kinase activity in immunopre-
cipitates of wild type mT (Druker et al., 1990). Thus, it appears, from
mutational studies of various protein tyrosine kinases, that association of
PtdIns 3-kinase with protein tyrosine kinases is necessary, but not
sufficient for mitogenesis.

The importance of PtdIns 3-kinase to fundamental cellular metabolism
was investigated by determining the evolutionary conservation of this
enzymatic activity. Evidence has been found that PtdIns 3-kinase activity
is conserved in the budding yeast Saccharomyces cerevisiae (Auger et al.,
1989a). In vitro PtdIns kinase assays of yeast cell homogenates with sub-
sequent HPLC analysis of the deacylated lipid showed the presence of
PtdIns 3-kinase activity. Preliminary biochemical characterization of the
activity demonstrated that the yeast enzyme differed from the mammalian
enzyme, yet the phosphorylation of PtdIns at the D-3 position of the
inositol ring was conserved. In vivo [*H]Jinositol labeling of intact S. cer-
evisine demonstrated that PtdIns-3-P was as abundant as PtdIns-4-P in the
yeast cell membranes (Auger et al., 1989a). Thus, PtdIns 3-kinase appears
to play an important role in species as diverse as yeast and mammals.

Discovery of Other Novel
Polyphosphoinositides

The finding of PtdIns 3-kinase and its novel product, PtdIns-3-P, in intact
cells led to questions about its metabolism (Stephens et al., 1989; Whitman
et al., 1988). Previous studies had failed to find polyphosphoinositides
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other than PtdIns-4-P and PtdIns-4,5-P, (Downes et al., 1986; Hawkins et al.,
1986).

In addition to PtdIns-3-P two other novel polyphosphoinositides could
be produced by activities in a-P-tyr immunoprecipitates from PDGF-stim-
ulated cells (Auger et al., 1989b). The same phospholipids were also pro-
duced in vivo when smooth muscle cells were stimulated with PDGF.
These polyphosphoinositides were tentatively identified as phosphatidy-
linositol 3,4-bisphosphate (PtdIns-3,4-P,) and phosphatidylinositol 3,4,5-
trisphosphate (PtdIns-3,4,5-P;) based on comigration of the deacylated and
deglycerated compounds with [*HJinositol standards on strong anion-
exchange HPLC. It was also suggested that a single enzyme, PtdIns 3-
kinase, in the a-P-tyr immunoprecipitate produced these polyphospho-
inositides by using PtdIns, PtdIns-4-P, and PtdIns-4,5-P, as substrates,
respectively. This hypothesis has been substantiated, as PtdIns 3-kinase
purified to homogeneity can utilize all three lipids as substrates (Carpenter
et al., 1990). The structures of PtdIns-3,4-P, and PtdIns-3,4,5-P; produced
by the purified PtdIns 3-kinase have been confirmed by phosphatase treat-
ment of the deacylated and deglycerated products (Auger, 1991). Struc-
tures of PtdIns-3,4-P,and PtdIns-3,4,5-P; produced in vivo by platelets
were also confirmed (Cunningham et al., 1990). Figure 2E and F depicts the
structures of PtdIns-3,4-P, and PtdIns-3,4,5-P;. The hypothesis that the
85-kDa phosphoprotein common to the PDGF receptor and mT immuno-
precipitates is a subunit of the PtdIns 3-kinase was also verified. Purified
PtdIns 3-kinase was shown to be a heterodimer of the previously discussed
85-kDa protein and a 110-kDa protein (Carpenter et al., 1990).

Elevation of the novel polyphosphoinositides also occurred as a result
of transformation of fibroblasts by polyoma mT (Serunian et al., 1990; Ulug
et al., 1990). The appearance of PtdIns-3,4-P, and PtdIns-3,4,5-P; was de-
pendent on the expression of protein tyrosine kinase activity associated
with mT, as demonstrated by the induction of mT on a dexamethasone
expression vector (Serunian et al, 1990). PtdIns-3,4-P, and PtdlIns-3,4,5-
P,were present in transformed cells at high density, but were not detected
in nontransformed parent cells at high density and subject to density-
dependent growth arrest. Thus, the presence of these novel polypho-
sphoinositides correlates with cell proliferation as a result of either mit-
ogenic stimulation or transformation.

The metabolic fate of the D-3 phosphorylated polyphosphoinositides is
currently unknown. However, it has been shown that the various phos-
pholipase C (PLC) enzymes that have been purified and/or cloned do not
utilize these polyphosphoinositides as substrates (Lips et al., 1989; Seru-
nian et al., 1989). It should be noted that a 3-phosphomonoesterate that
hydrolyzes PtdIns-3-P has been reported (Lips and Majerus, 1989).
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A number of studies have found compounds with HPLC chromato-
graphic properties similar to those of PtdIns-3,4-P, and PtdIns-3,4,5-D;.
Stimulated neutrophils appear to have PtdIns-3,4-P,and Ptdlns-3,4,5-
P;y(Traynor-Kaplan et al., 1988, 1989). Evidence for PtdIns-3,4-P, in MA-10
Leydig tumor cells has been found in response to stimulation by EGF
(Pignataro and Ascoli, 1990). In addition, three other groups described
compounds similar to PtdIns-3,4-P,and PtdIns-3,4,5-P;in stimulated
platelets (Cunningham et al., 1990; Kucera and Rittenhouse, 1990; Nolan
and Lapetina, 1990, 1991). An early indication that PtdInsP; was found in
3P, labeled brain (Santiago-Calvo et al., 1963) was not confirmed after
further investigation (Santiago-Calvo et al., 1964). However, recent evi-
dence suggests that PtdInsP; is present in brain tissue (Vadnal and Par-
thasarathy, 1989).

An enzymatic activity that converts PtdIns-3-P to PtdIns-3,4-P, was re-
cently discovered in platelets (Yamamoto et al., 1990) and red blood cells
(Graziani et al., 1992). The PtdIns-3,4-P, produced in response to thrombin
stimulation of platelets is due to this enzyme (Cunningham et al., 1990). In
contrast, PDGF probably induces PtdIns-3,4-P, and PtdIns-3,4,5-P, pro-
duction by stimulating phosphorylation of the D-3 position of PtdIns-4-P
and PtdIns-4,5-P, (Fig. 3). Thus, at least two pathways exist for making
these lipids.

Critical Determinants for Association of
Phosphatidylinositol 3-kinase and Protein
Tyrosine Kinases

As previously discussed, PtdIns 3-kinase activity specifically associates
with pp60v-, p68*=, mT/pp60=, the stimulated PDGF receptor, and
the CSF-1 receptor. Association with the stimulated insulin receptor,
p130ss-fs, pd7s-ck, and the mT/pp62<# have also been reported (Fukui et
al., 1989; Ruderman et al., 1990). The stimulated EGF receptor also asso-
ciates with PtdIns 3-kinase in some cell types (Bjorge et al., 1990; Pignataro
and Ascoli, 1990), but not others (Kaplan et al., 1987) (L. C. Cantley, un-
published observations). The reason for cell type-specific associations is
unclear, but may be related to tissue-specific expression of PtdIns 3-kinase
isozymes.

Although PtdIns 3-kinase does not associate with pp60<*in nontrans-
formed cells (in which it is relatively inactive as a protein tyrosine kinase),
it will associate with pp60 under activating conditions. Association of
PtdIns 3-kinase activity with mutationally activated pp60<*chas been
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found (Chan et al., 1990). The association of PtdIns 3-kinase activity was
related to the protein tyrosine kinase activity of pp60< rather than to the
amount of protein expressed in the cell (Chan ef al., 1990). A second and
probably more physiological finding was the association of PtdIns 3-kinase
activity with pp60<s<in thrombin-stimulated platelets (Gutkind et al.,
1990). PtdIns 3-kinase was also found to associate with another member of
the src family, p59%", in a thrombin-dependent manner (Gutkind et al.,
1990). The effect was rapid, as PtdIns 3-kinase activity was detected 5 sec
after thrombin stimulation.

The interesting observation in all of the above cases is that it appears
that an active protein tyrosine kinase is necessary for association of PtdIns
3-kinase activity. We have used immunopurified baculovirus-expressed
mT/pp60<-~ complex (Piwnica-Worms et al., 1990) and purified PtdIns
3-kinase (Carpenter ef al., 1990) to reconstitute this interaction in vitro. Both
the 85- and 110-kDa proteins of PtdIns 3-kinase were stoichiometrically
associated with the mT/pp60cs complex (Auger, 1991). The association
was dependent on the active protein tyrosine kinase activity of pp60*, as
a kinase-deficient mutant, mT/pp60%5-, did not associate with purified
PtdIns 3-kinase. The immunopurified mT/pp60<complex was also
found to associate with PtdIns 3-kinase from whole-cell lysates. In addi-
tion, the reconstituted PtdIns 3-kinase-mT/ pp60<* complex produced the
same polyphosphoinositides as were produced by kinase activity in
o-P-tyr or anti-mT immunoprecipitates from mT-transformed fibroblasts.

The importance of tyrosine phosphorylation on mT has recently been
demonstrated for the association of mT with pp85 (Cohen et al., 1990).
Tyr-315 of the mT sequence is the major phosphorylation site of mT by
pp60==;, a Tyr—Phe substitution at this site reduces the association of
PtdIns 3-kinase activity (Whitman ef al., 1985). This mT mutant is trans-
formation defective both in vitro (Carmichael et al., 1984; Oostra et al., 1983)
and in vivo (Talmage et al., 1989). Cohen et al. (1990) showed that phos-
phorylated denatured mT was able to reassociate with pp85 either in
solution or by Western blotting after denaturation of cellular proteins. The
unphosphorylated form of mT did not reassociate with pp85. Since
Tyr-315 of mT in the kinase-defective mT/pp60%5- complex is not phos-
phorylated (Piwnica-Worms et al., 1990), it is likely that this phosphoryla-
tion plays a crucial role in the association both in vitro (Auger, 1991;
Carpenter et al., 1990; Cohen et al., 1990) and in vivo (Talmage et al., 1989;
Whitman et al., 1985). The contribution of phosphorylation on either c-src
or the PtdIns 3-kinase complex has yet to be systematically investigated.

The Kl region of the PDGEF receptor has a short sequence with similarity
to the region around Tyr-315 of mT. As discussed previously, this region
of the receptor appears to be essential for PtdIns 3-kinase association and
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mitogenesis (Coughlin et al., 1989). A more detailed investigation revealed
that mutating Tyr-751 to phenylalanine or glycine prevented association
with PtdIns 3-kinase activity (Kazlauskas and Cooper, 1989). Further char-
acterization of this interaction was investigated by in vitro reconstitution.
Binding of PtdIns 3-kinase was dependent on phosphorylation of Tyr-751
and was rapid and saturable (Kazlauskas and Cooper, 1990). Based on
these studies and a comparison of primary protein sequences of various
protein tyrosine kinases known to associate with PtdIns 3-kinase, a con-
sensus sequence (shown in single-letter code) has been implicated to be
critical for PtdIns 3-kinase binding: E/D-E/D-E/D-E/D-E/D-Y'#
M/V-P-M-X-X (Cantley et al., 1991).

Conclusions

This review has discussed the existence of newly described polyphosphoi-
nositides that are responsive to mitogen stimulation or oncogenic trans-
formation in cultured mammalian cells. The time course of production of
these novel polyphosphoinositides suggests that they are important sig-
naling molecules in the signal transduction pathway for mitogenic pro-
tein tyrosine kinases. The structures of these polyphosphoinositides,
PtdIns-3,4-P, and PtdIns-3,4,5-P;, provide evidence that they are not direct
precursors for the well-characterized second messenger Ins-1,4,5-P,.
Since the purified Ptdlns 3-kinase can utilize PtdIns, PtdIns-4-P, and
PtdIns-4,5-P, as substrates in vitro, it seems likely that activation of PtdIns
3-kinase may result in the generation of multiple signals which branch off
from the conventional polyphosphoinositide pathway (Fig. 3), as orig-
inally proposed (Auger et al., 1989b). Comparison of Figs. 1 and 3 illus-
trates the increasing complexity of polyphosphoinositide metabolism. In
addition, the observation that the PtdIns 3-kinase pathway also exists in S.
cerevisige argues that it plays an important role conserved in eukaryotic
cells (Auger et al.,, 1989a). The exact nature of how these molecules act as
messengers has yet to be elucidated; however, some insights are currently
being evaluated.

Possible Functions of the Novel
Polyphosphoinositides

Currently, no specific function(s) has been assigned to PtdIns-3,4-P, and
PtdIns-3,4,5-P;. As discussed previously, PtdIns-3-P, PtdIns-3,4-P, and
PtdIns-3,4,5-P; are not substrates for any of the cloned or purified PLCs
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(Lips et al., 1989; Serunian et al., 1989). Although a PLC specific for the
novel polyphosphoinositides may yet be found, the addition of 3?P-labeled
lipids to cell lysates does not result in the conversion to inositol phosphates
under a variety of conditions (L. A. Serunian, K. R. Auger, and H. Adari,
unpublished observations; Lips and Majerus, 1989). In addition, a partially
characterized phosphomonoesterase has been reported to be specific for
the D-3 phosphate of PtdIns-3-P (Lips and Majerus, 1989). All evidence to
date strongly supports the hypothesis that the lipids themselves may be
the actual messengers involved in controlling cellular processes.

A number of reports have provided evidence that PtdIns-4-P and
PtdIns-4,5-P, directly regulate events such as profilactin interactions (Lass-
ing and Lindberg, 1985) and gelsolin function (Janmey and Stossel, 1987)
under physiological conditions (Janmey and Stossel, 1989). In addition,
these lipids tightly associate with gCap39, another Ca?**- and polyphos-
phoinositide-regulated protein that effects the polymerization of actin (Yu
et al., 1990). Furthermore, a recent report has indicated that profilin can also
effect PtdInsP, hydrolysis by PLC (Goldschmidt-Clermont et al., 1990). So
it appears that not only do the polyphosphoinositides effect the polymer-
ization of actin, but also that a protein important for actin polymerization
(profilin) can effect polyphosphoinositide metabolism.

The conventional polyphosphoinositides have also been shown to reg-
ulate direct protein—protein interactions that are critical for cell shape
(Anderson and Marchesi, 1985). The interaction between glycophorin and
protein 4.1 in the red blood cell membrane is important for the integrity of
the cell membrane skeleton, and the interaction between these two pro-
teins is mediated by polyphosphoinositides (Anderson and Marchesi,
1985).

Polyphosphoinositides can interact with proteins other than with struc-
tural proteins that determine cell shape. Polyphosphoinositides could
have important roles in the cell nucleus as regulators of an RNA-depen-
dent ATPase in the nuclear membrane (Smith and Wells, 1984) and as
regulators of DNA polymerase o (Sylvia et al., 1988). All of these examples
involve the conventional polyphosphoinositides (ie., PtdIns-4-P and
PtdIns-4,5-P,). It has yet to be determined whether any of the D-3 phos-
phorylated polyphosphoinositides play similar roles in the regulation of
these proteins.

Current evidence supports the idea that the novel polyphosphoinosi-
tides are involved in cytoskeletal reorganization. A mutated PDGF recep-
tor (AKI), constructed by Severinsson et al. (1990) and similar to the con-
struct previously described as being defective in PtdIns 3-kinase
association, was unable to induce either actin reorganization or mitogen-
esis, in contrast to the wild-type transfectant (Severinsson et al., 1990).
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Thus, the lack of association of PtdIns 3-kinase correlates with the lack of
actin reorganization and the mitogenic signal. Further work is necessary to
determine the cellular targets of these novel lipids.
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Acetylcholine
formyl peptide receptor, 4
inositol phosphate metabolism, 164
phospholipase C isozymes, 59
Actin
calcium translocation, 117, 146
formyl peptide receptor, 7, 10, 13, 16
inositol phosphate metabolism, 158
neutrophil signal transduction, 32, 40
phosphatidylinositol 3-kinase, 191-192
Adenine nucleotides, phosphatidylcholine
metabolism, 98, 104
Adenylate cyclase
neutrophil signal transduction, 26
phosphatidylcholine metabolism, 98, 111
phospholipase C isozymes, 58, 60, 69
Adenylyl cyclase system, phospholipase C
isozymes, 66, 72-73
ADP, phosphatidylcholine metabolism, 99,
104
ADP ribosylation
neutrophil signal transduction, 26, 28, 30,
32, 40, 43
phosphatidylcholine metabolism, 98, 103
phospholipase C isozymes, 67, 70-71
ADP ribosylation factor (ARF), neutrophil
signal transduction, 32, 41
Adrenaline, phospholipase C isozymes,
58-59
Aluminum, phosphatidylcholine
metabolism, 103
Aluminum fluoride, phosphatidylcholine

metabolism, 102
Amino acids
calcium translocation, 133
formyl peptide receptor, 18-19
inositol phosphate metabolism, 164
neutrophil signal transduction, 30, 36, 44
phosphatidylinositol 3-kinase, 185
phospholipase C isozymes, 72, 78, 83
G protein-dependent activation, 58, 70
multiple forms, 61-64
Amplification, formyl peptide receptor,
15-17
Angiotensin II
phosphatidylcholine metabolism, 93, 100,
104, 106, 108
phospholipase C isozymes, 5859, 66
Antibodies, see also Monoclonal antibodies
formyl peptide receptor, 5, 8, 13, 15, 18
inositol phosphate metabolism, 157, 161,
166
neutrophil signal transduction, 26, 44
phospholipase C isozymes, 70-72, 75-76,
78, 80-81
Antigens
inositol phosphate metabolism, 157
phosphatidylinositol 3-kinase, 183-184
phospholipase C isozymes, 77-78
Arachidonic acid
calcium translocation, 117
inositol phosphate metabolism, 153
neutrophil signal transduction, 42
phosphatidylcholine metabolism, 93-94
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Aromatic amino acids, formyl peptide
receptor, 19
Aspergillus nidulans, inositol phosphate
metabolism, 168
ATP
calcium translocation, 126, 130
formyl peptide receptor, 12
phosphatidylcholine metabolism, 93,
98-100, 103-104, 108
phosphatidylinositol 3-kinase, 181
ATPase
calcium translocation, 126, 132
phosphatidylinositol 3-kinase, 191
Autofluorescence, formyl peptide receptor,
30
Autophosphorylation, phospholipase C
isozymes, 76-77

Bacillus, phospholipase C isozymes, 63, 65
Bacteria, calcium translocation, 115, 118
Baculovirus
phosphatidylinositol 3-kinase, 189
phospholipase C isozymes, 76
Basophils, phospholipase C isozymes, 80
Bombesin, phospholipase C isozymes,
58-59
Bradykinin, phospholipase C isozymes, 67,
69

C-terminal processing, neutrophil signal
transduction, 36-40
Caffeine, calcium translocation, 130, 132
Calciosomes, calcium translocation, 116,
119
myeloid cells, 126-131, 134-135
Calcium
formy] peptide receptor, 16
inositol phosphate metabolism, 154, 156,
159, 161, 164, 166
neutrophil signal transduction, 30, 39, 41
phosphatidylcholine metabolism, 108,
111-112
diacylglycerol, 90-91, 97-99
phosphatidate, 100-105, 108
phosphatidylinositol 3-kinase, 176, 184,
191
phospholipase C isozymes
G protein-dependent activation, 58,

66, 71
G protein-dependent inhibition, 72-74
growth factor receptor tyrosine
kinases, 75-76
multiple forms, 61-62, 65
Calcium ionophore
phosphatidylcholine metabolism, 95-98
translocation, 118
neutrophil function, 139-143
neutrophil plasma membrane, 123-124
Calcium translocation in signal
transduction, 115-119, 146-147
myeloid cells, 126-135
neutrophil function, 139-146
neutrophil plasma membrane, 119-126
phosphatidylinositol turnover, 135-139
Calmodulin
calcium translocation, 117, 126, 132, 137
inositol phosphate metabolism, 164-165
phosphatidylcholine metabolism, 108
Calpain, inositol phosphate metabolism,
164-165
Calreticulin, translocation, 132—-134
Calsequestrin, translocation, 132
Carbachol, phospholipase C isozymes, 60,
67-69, 74
<DNA
calcium translocation, 132
inositol phosphate metabolism, 156, 166,
168-169
neutrophil signal transduction, 28, 41
phospholipase C isozymes, 59, 63-64, 70
Chemotaxis
calcium translocation, 115, 123-124,
145-146
formyl peptide receptor, 3, 7
neutrophil signal transduction, 49
Chinese hamster ovary cells
phosphatidylinositol 3-kinase, 183
phospholipase C isozymes, 67-68
Chloride, calcium translocation, 122-125
Cholecystokinin, phospholipase C
isozymes, 67-69
Cholera toxin
neutrophil signal transduction, 28, 32,
40-41
phosphatidylcholine metabolism, 98, 103
Cholesterol
calcium translocation, 127-128
phosphatidylcholine metabolism, 91



Choline
calcium translocation, 121
phosphatidylcholine metabolism, 98-99,
104
Chromatography
inositol phosphate metabolism, 166
neutrophil signal transduction, 28
phosphatidylcholine metabolism, 109
diacylglycerol, 91, 93-94, 98
phosphatidate, 100, 103
phosphatidylinositol 3-kinase, 181, 187
phospholipase C isozymes, 70-71
Chromophores, formyl peptide receptor,
19-20
Clones
calcium translocation, 126, 132
formyl peptide receptor, 19
inositol phosphate metabolism, 156,
158-160, 165-166, 168-169
neutrophil signal transduction, 25, 28, 30,
32, 35,41
phosphatidylinositol 3-kinase, 186, 190
phospholipase C isozymes, 59-61, 63-64,
70
Clostridium botulinum
formyl peptide receptor, 13
neutrophil signal transduction, 32, 40-41
Collagenase perfusion method,
phosphatidylcholine metabolism, 89
Colony stimulating factor—1
phosphatidylinositol 3-kinase, 185, 187
phospholipase C isozymes, 74-76
Compactin, neutrophil signal transduction,
44
Competition, formyl peptide receptor, 17
Cyclic AMP
calcium translocation, 117
formyl peptide receptor, 17
neutrophil signal transduction, 46
phosphatidylcholine metabolism, 98,
111-112
phospholipase C isozymes, 60, 83
G protein-dependent activation, 69
G protein-dependent inhibition, 72-74
multiple forms, 61-62
Cyclic hydrolase, inositol phosphate
metabolism, 158, 162-165
Cyclic inositol phosphate pathway,
161-165
Cytochrome b, neutrophil signal
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transduction, 44-47
Cytometry, see also Flow cytometry
formyl peptide receptor, 9, 17, 20-21

Deacylation, phosphatidylinositol 3-kinase,
182, 185-186
Deglyceration, phosphatidylinositol
3-kinase, 182, 186
Dephosphorylation
calcium translocation, 136-138
inositol phosphate metabolism, 156, 161
phospholipase C isozymes, 77
Depolarization
calcium translocation, 121-125
formyl peptide receptor, 3
Desensitization, formyl peptide receptor,
11-17
Diacylglycerol
calcium translocation, 116-117
formyl peptide receptor, 16
inositol phosphate metabolism, 154, 158
neutrophil signal transduction, 30
phosphatidylcholine metabolism,
100-102, 104-105, 111-112
accumulation, 90-100
measurements, 108—111
phosphatidylinositol 3-kinase, 175-177
phospholipase C isozymes, 57, 61, 75
Digitonin
calcium translocation, 127-128
formyl peptide receptor, 8
Digitoxin, calcium translocation, 127
Dimethyl sulfoxide, neutrophil signal
transduction, 44
DNA
inositol phosphate metabolism, 161
phosphatidylcholine metabolism,
109-111
Dopamine, phospholipase C isozymes, 60,
72-73
Drosophila
neutrophil signal transduction, 26
phospholipase C isozymes, 64

Electron microscopy, calcium translocation,
135
Electrophoresis, calcium translocation, 130
Endoplasmic reticulum
calcium translocation, 116, 126, 128,
132-135
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Endoplasmic reticulum (cont.)
neutrophil signal transduction, 34
phospholipase C isozymes, 63
Enzymes
calcium translocation, 116-117, 127
neutrophil function, 142, 144
phosphatidylinositol turnover,
135-137, 139
inositol phosphate metabolism, 154, 156,
158-168
neutrophil signal transduction, 36, 39,
44
phosphatidylcholine metabolism, 98,
103, 106-108
phosphatidylinositol 3-kinase, 175-177,
181, 185-187
phospholipase C isozymes, 6166, 70,
74,77
Epidermal growth factor
inositol phosphate metabolism, 160
phosphatidylcholine metabolism, 100,
110
phosphatidylinositol 3-kinase, 184, 187
phospholipase C isozymes, 58-59,
74-76, 80
Epinephrine, phosphatidylcholine
metabolism, 93, 100, 104, 106, 108,
111
Equilibrium, formyl peptide receptor, 14,
17
Erythrocytes
calcium translocation, 126
phospholipase C isozymes, 69, 72
Escherichia coli, phospholipase C isozymes,
64
Exocytosis, calcium translocation,
115-117, 139-145

Fatty acids, phosphatidylcholine
metabolism, 91, 93-94, 96
Fibroblast growth factor, phospholipase C
isozymes, 58, 74-75
Fibroblasts
neutrophil signal transduction, 33-34,
39, 41
phosphatidylcholine metabolism, 110
phosphatidylinositol 3-kinase, 181, 186,
191
phospholipase C isozymes, 58, 60, 64,

68
Flow cytometry, formyl peptide receptor,
1-5, 20
Fluorescein, formyl peptide receptor, 5-6,
13, 15, 18-19
Fluorescence
calcium translocation, 116, 118
neutrophil function, 139, 143, 145
neutrophil plasma membrane, 120, 125
formyl peptide receptor, 4-5, 9, 13,
17-20
phospholipase C isozymes, 65
Fluorescence microscopy, formyl peptide
receptor, 3
Fluoride
phosphatidylcholine metabolism, 103,
108
phospholipase C isozymes, 66
fMLP, calcium translocation, 117, 138,
140-142, 144
Formyl peptide receptor, 1-4
amplification, 15-17
early methods, 4-7
intact cell, 11-15
ligand-receptor dynamics, 17-18
neutrophil signal transduction, 28-30,
40, 44
real-time analyses methods, 19-21
real-time assays, 2-4
receptor binding pocket topography,
18-19
receptor-G protein interactions, 7-11
Forskolin, phospholipase C isozymes, 74

G proteins
calcium translocation, 116
formyl peptide receptor, 611, 13, 15-16,
21
inositol phosphate metabolism, 159-160
neutrophil signal transduction and, see
Neutrophil signal transduction
phosphatidylcholine metabolism, 89, 98,
102, 105
phospholipase C isozymes, 83
G protein-dependent activation, 57-59,
65-72
G protein-dependent inhibition, 72-74
growth factor receptor tyrosine
kinases, 75



PI response, 60-61
tyrosine phosphorylation, 80-81
Gas chromatography, phosphatidylcholine
metabolism, 93
GDP
formyl peptide receptor, 11
neutrophil signal transduction, 27,
33-34, 40, 42, 47
phosphatidylcholine metabolism, 98, 102
phospholipase C isozymes, 65-66, 70, 81
Gene expression, phosphatidylcholine
metabolism, 97
Glucagon, phosphatidylcholine
metabolism, 108, 110-111
B-Glucuronidase, calcium translocation,
127, 140, 142-143
Glycerol phosphate, metabolism, 109
Glycerophosphoinositol, metabolism, 162
Glycerophosphoinositol phosphate,
phosphatidylinositol 3-kinase, 182
Glycogen, phosphatidylcholine
metabolism, 111
Golgi apparatus
calcium translocation, 128, 133-134
neutrophil signal transduction, 34, 41
Growth factor receptors
inositol phosphate metabolism, 157
neutrophil signal transduction, 31
phosphatidylinositol 3-kinase, 175, 182
phospholipase C isozymes, 58, 74-77
GTP
formyl peptide receptor, 8, 10-11, 14, 16
phosphatidylcholine metabolism, 98-99,
102, 104, 106, 108
phospholipase C isozymes, 65-66, 69, 73,
80-81
GTP-binding proteins, see G proteins
GTPase, neutrophil signal transduction, 26,
33-34, 49
GTPase-activating protein (GAP),
neutrophil signal transduction,
33-35
Guanine nucleotide dissociation inhibitors
(GDIs), neutrophil signal
transduction, 35-36, 40
Guanine nucleotide dissociation
stimulators (GDSs), neutrophil
signal transduction, 35-36, 39-40
Guanine nucleotides
formyl peptide receptor, 3, 8-9, 12, 14

Index 199

inositol phosphate metabolism, 159

neutrophil signal transduction, 26, 28, 30,
32-33,43

phosphatidylcholine metabolism, 98, 111

phospholipase C isozymes, 59, 65-66, 73

Hematopoietic cells, neutrophil signal
transduction, 42
Hepatocytes, see Liver
Herbimycin A, phospholipase C isozymes,
81-82
High-performance liquid chromatography
calcium translocation, 137
phosphatidylcholine metabolism, 90-96,
98, 109
phosphatidylinositol 3-kinase, 182,
185-187
HL-60 cells
calcium translocation, 125
myeloid cells, 126-127, 130, 132-135
phosphatidylinositol turnover,
137-138
neutrophil signal transduction, 28, 39, 41,
44
phosphatidylcholine metabolism, 97, 100
phospholipase C isozymes, 64
Homology
calcium translocation, 117, 132
inositol phosphate metabolism, 158, 160,
162, 167-169
neutrophil signal transduction, 25-26
low-molecular-weight G proteins,
31-33, 35, 39
oxidant production, 47-48
phospholipase C isozymes, 62, 65
G protein-dependent activation, 66, 70
growth factor receptor tyrosine
kinases, 75
tyrosine phosphorylation, 82
Hormones
calcium translocation, 116
formyl peptide receptor, 3
phosphatidylcholine metabolism, 89, 112
diacylglycerol, 90, 93-97
measurements, 108-110
phosphatidate, 100, 103-107
phospholipase C isozymes, 58, 69
Hybridization, phospholipase C isozymes,
64
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Hyperpolarization, calcium translocation,
124-125

Immunoglobulin, phospholipase C
isozymes, 81-82
Immunoglobulin E, phospholipase C
isozymes, 77-78, 82
Immunoglobulin G
calcium translocation, 146
phospholipase C isozymes, 78, 81-82
Immunoglobulin M, membrane,
phospholipase C isozymes, 77-78,
82
Inhibitors
calcium translocation, 117, 124-126, 132,
141
formyl peptide receptor, 12, 16-18
inosito]l phosphate metabolism, 161-162,
165, 167-169
neutrophil signal transduction
low-molecular-weight G proteins,
32-33, 35
oxidant production, 42, 44, 46-48
phosphatidylcholine metabolism, 111
diacylglycerol, 93, 95-99
phosphatidate, 100, 102-103, 108
phosphatidylinositol 3-kinase, 177-178
phospholipase C isozymes, 83
G protein-dependent activation, 58,
66-69, 72
G protein-dependent inhibition, 72-74
growth factor receptor tyrosine
kinases, 77
multiple forms, 65
PI response, 60
tyrosine phosphorylation, 78, 80-81
Inositol bisphosphate, phosphatidylinositol
3-kinase, 182
Inositol lipids, phosphatidylcholine
metabolism, 96, 100, 103, 109
Inositol monophosphatase, inositol
phosphate metabolism, 158
Inosito] phosphate
calcium translocation, 116, 125, 137-139
metabolism, 169
biological role, 154-156
cyclic hydrolase, 162-163
cyclic inositol phosphate pathway,
161-162

functions, 164
inositol polyphosphate 1-phosphatase,
166-167
inositol polyphosphate 3-phosphatase,
167-168
inositol polyphosphate 4-phosphatase,
167
inositol polyphosphate 5-phosphatase,
165-166
inositol 1,4,5-trisphosphate 3-kinase,
164-165
monophosphatase, 168-169
pathways, 163-164, 166
phosphatidylinositol interconversion,
157-158
phosphatidylinositol 3-kinase, 158
phosphatidylinositol-specific PLC,
159-161
phosphatidylinositol turnover,
153-154
phosphorylation, 168
production, 158-159
phospholipase C isozymes
G protein-dependent activation, 58-59,
6667
G protein-dependent inhibition, 73-74
multiple forms, 61-62
tyrosine phosphorylation, 78, 81
Inositol phospholipids
calcium translocation, 138
inositol phosphate metabolism, 158
phosphatidylcholine metabolism, 89, 94,
97
Inositol polyphosphate 1-phosphatase,
metabolism, 158, 166-169
Inositol polyphosphate 3-phosphatase,
metabolism, 159, 167-168
Inositol polyphosphate 4-phosphatase,
metabolism, 159, 162, 167
Inositol polyphosphate 5-phosphatase,
metabolism, 158159, 165-166
Inositol 1,4,5-trisphosphate
calcium translocation, 116, 119
myeloid cells, 126-130, 132, 135
neutrophil plasma membrane, 125-126
phosphatidylinositol turnover,
136-139
metabolism, 154, 156, 163-165, 169
phosphatidylcholine metabolism, 90, 97
phosphatidylinositol 3-kinase, 175-176,
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phospholipase C isozymes, 57, 61, 69, 75
Inositol 1,4,5-trisphosphate 3-kinase,
metabolism, 158, 164-165
Insulin
phosphatidylcholine metabolism, 93, 110
phosphatidylinositol 3-kinase, 187
phospholipase C isozymes, 74~76
Interconversions, formyl peptide receptor,
13
Internalization, formyl peptide receptor,
3-4,6,12,14-15
Ionomycin, calcium translocation, 118, 123,
140-143
Ionophore, calcium, see Calcium ionophore
Ionophore clamp, calcium translocation,
143
Isozymes, phospholipase C, see
Phospholipase C isozymes

KDEL sequences, calcium translocation,
133-134

Kinase insert region, phosphatidylinositol
3-kinase, 183

Leukocytes, phospholipase C isozymes, 77,
79, 83
Ligands
formyl peptide receptor and, see Formyl
peptide receptor
inositol phosphate metabolism, 158
phosphatidylinositol 3-kinase, 176
phospholipase C isozymes, 57, 59-61, 75,
82
Limulus, inositol phosphate metabolism,
161
Linoleic acid, phosphatidylcholine
metabolism, 94, 96
Lipid kinase, phosphatidylinositol 3-kinase,
177, 184
Lipids
calcium translocation, 135
inositol phosphate metabolism, 153154,
156-158
neutrophil signal transduction, 26-27, 49
phosphatidylinositol 3-kinase, 175, 182,
186, 191-192
Lipocortins, inositol phosphate
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metabolism, 162
Lithium, inositol phosphate metabolism,
167-169
Liver
calcium translocation, 132
inositol phosphate metabolism, 165
phosphatidylcholine metabolism,
111-112
diacylglycerol, 98-99
experimental system, 89-90
measurements, 108-111
phosphatidate, 100-103, 105~-108
Low-molecular-weight G proteins,
neutrophil signal transduction, 26,
40-42, 48-49
oxidant production, 43-44, 47
structure—function relationship, 33-40
subfamilies, 31-32
Lymphocytes
phosphatidylinositol 3-kinase, 177
phospholipase C isozymes, 64, 77

Macrophages
calcium translocation, 124-125
neutrophil signal transduction, 25, 39
phospholipase C isozymes, 81
Magnesium
inositol phosphate metabolism, 162
neutrophil signal transduction, 43
phosphatidylcholine metabolism, 98,
102-104, 108
phospholipase C isozymes, 73
Mast cells
neutrophil signal transduction, 41
phospholipase C isozymes, 80-81
Membrane immunoglobulin M,
phospholipase C isozymes, 77-78,
82
Membrane potential, calcium translocation,
120-122, 124-125
Messenger RNA
calcium translocation, 132
neutrophil signal transduction, 28
Mitogens
phosphatidylcholine metabolism,
109-111
phosphatidylinositol 3-kinase, 177,
184-186, 190-192
phospholipase C isozymes, 58, 76
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Monoclonal antibodies
calcium translocation, 132
inositol phosphate metabolism, 165
neutrophil signal transduction, 34
phosphatidylinositol 3-kinase, 181
Monocytes, phospholipase C isozymes, 81
Monophosphatase, inositol phosphate
metabolism, 158, 167-169
Muscarinic agonists, phospholipase C
isozymes, 66, 72
Muscarinic receptors
inositol phosphate metabolism, 164
phospholipase C isozymes, 60, 67-70, 74
Mutation
inositol phosphate metabolism, 165
neutrophil signal transduction, 26,
33-34, 36
phosphatidylinositol 3-kinase, 183185,
187, 189-190
Myeloid cells
calcium translocation, 126135
neutrophil signal transduction, 43
myo-inositol
inositol phosphate metabolism, 154
phosphatidylinositol 3-kinase, 182

NADPH oxidase, neutrophil signal
transduction, 42-48
Natural killer cells, phospholipase C
isozymes, 81-82
NECA, phospholipase C isozymes, 81
Neurospora crassa, inositol phosphate
metabolism, 168
Neutrophil signal transduction, 25-26,
48-49
low-molecular-weight G proteins, 4042
structure~function relationship, 33-40
subfamilies, 31-32
neutrophil G proteins, 27-31
oligomeric G proteins, 26-27
oxidant production, 4244
RaplA, 4448
Neutrophils
calcium translocation, 117-119, 146
function, 139-146
myeloid cells, 126, 130, 132
phosphatidylinositol turnover, 135,
139

plasma membrane, 119-126
formyl peptide receptor, 2-4, 6-8, 10, 16,
20
phosphatidylcholine metabolism, 100
phosphatidylinositol 3-kinase, 187
phospholipase C isozymes, 66, 81
Norepinephrine, phosphatidylcholine
metabolism, 110-111
NorpA, phospholipase C isozymes, 64
Nucleotides, see also Guanine nucleotides
calcium translocation, 116
formyl peptide receptor, 3, 8-10, 12, 21
inositol phosphate metabolism, 159
neutrophil signal transduction, 30, 35, 39
phosphatidylcholine metabolism, 98-99,
104, 111
phospholipase C isozymes, 58, 71

Oligomeric G proteins, neutrophil signal
transduction, 25-27, 34, 49
Oligomerization, phospholipase C
isozymes, 76, 81
Oncogenes
inositol phosphate metabolism, 157-158
neutrophil signal transduction, 26, 34
phosphatidylinositol 3-kinase, 175, 182,
190
Oxidant production, neutrophil signal
transduction, 42—48
Oxygen, calcium translocation, 115, 138

Palmitic acid, phosphatidylcholine
metabolism, 94
Patch—clamp technique, calcium
translocation, 122-125
Pertussis toxin
formyl peptide receptor, 7-8, 12-13
neutrophil signal transduction, 26, 49
low-molecular-weight G proteins, 40
neutrophil G proteins, 27-30
oxidant production, 42—-43
phosphatidylcholine metabolism, 98, 111
phospholipase C isozymes, 81, 83
G protein-dependent activation, 59,
67-71
G protein-dependent inhibition, 73-74
PI response, 60-61



PEST sequences, inositol phosphate
metabolism, 164-165
Phagocytes
calcium translocation, 115-118, 139,
145-146
neutrophil signal transduction, 25, 30, 32,
41, 49
phospholipase C isozymes, 81
Phagosomes, calcium translocation, 139, 145
Phenotype
inositol phosphate metabolism, 164-165
neutrophil signal transduction, 34
Pheromones, neutrophil signal
transduction, 27
Phorbol esters
calcium translocation, 125-126
inositol phosphate metabolism, 165
phosphatidylcholine metabolism, 95-98,
106
Phorbol myristate acetate (PMA)
calcium translocation, 121
neutrophil signal transduction, 44
phosphatidylcholine metabolism, 95-97,
99, 111
phospholipase C isozymes, 58
Phosphatidate (PA), phosphatidylcholine
metabolism, 112
accumulation, 100-108
liver function, 111~-112
measurements, 108-111
Phosphatidic acid, calcium translocation,
117
Phosphatidylcholine
calcium translocation, 117
metabolism in signal transduction, 89
diacylglycerol accumulation, 90-100
future directions, 112
liver as experimental system, 89-90
liver function, 111-112
measurements, 108—111
phosphatidate accumulation, 100-108
Phosphatidylethanol, metabolism, 106-107
Phosphatidylinositol
metabolism, 153-154, 156-161, 168
turnover, 135-139
Phosphatidylinositol bisphosphate, calcium
translocation, 116-117
Phosphatidylinositol 3,4-bisphosphate,
phosphatidylinositol 3-kinase,
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186-187, 190
Phosphatidylinositol 4,5-bisphosphate
phosphatidylcholine metabolism, 90, 94,
96-97, 104, 111
phosphatidylinositol 3-kinase, 175-177,
182, 186-187, 191
phospholipase C isozymes, 57-58, 75,
80-81
Phosphatidylinositol 3-kinase, 175-176,
190-192
cell proliferation, 183—-185
inositol phosphate metabolism, 158, 160,
168
novel polyphosphoinositides, 185-188
pathway and structures, 176-180
protein tyrosine kinases, 177, 181-183,
187, 189-190
Phosphatidylinositol 4-phosphate,
phosphatidylinositol 3-kinase, 177,
182, 186, 190-191
Phosphatidylinositol 3,4,5-trisphosphate,
phosphatidylinositol 3-kinase,
186~-187, 190
Phosphocholine, metabolism, 97-99, 104
Phosphoinositide (PI)
phosphatidylcholine metabolism, 57 94,
96, 103
phosphatidylinositol 3-kinase, 177
phospholipase C isozymes, 57
G protein-dependent activation, 58,
6668, 70
G protein-dependent inhibition, 72-74
growth factor receptor tyrosine
kinases, 75
multiple forms, 61-62, 65
PI response, 59-61
Phospholipase
neutrophil signal transduction, 27-28,
30, 40, 42
phosphatidylcholine metabolism, 96, 107
Phospholipase A,
calcium translocation, 117
inositol phosphate metabolism, 153
phospholipase C isozymes, 65
Phospholipase C
calcium translocation, 116-117, 135
formyl peptide receptor, 16
inositol phosphate metabolism, 154,
156-157, 159-161, 163, 165
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Phospholipase C (cont.)
phosphatidylcholine metabolism, 98,
100, 104, 112
phosphatidylinositol 3-kinase, 186,
190-191
Phospholipase C isozymes, 57, 83
G protein-dependent activation, 57-59,
65-72
G protein-dependent inhibition, 72-74
growth factor receptor tyrosine kinases,
74-77
multiple forms, 61-65
PI response, 59-61
tyrosine phosphorylation, 77-82
Phospholipase D
calcium translocation, 117
phosphatidylcholine metabolism, 100,
103-108, 112
Phospholipids
calcium translocation, 117, 135, 138
inositol phosphate metabolism, 153, 158,
162
neutrophil signal transduction, 38-39
phosphatidylcholine metabolism, 89
diacylglycerol, 91, 93-94, 96-97
phosphatidate, 100, 103
phosphatidylinositol 3-kinase, 182, 186
phospholipase C isozymes, 65, 72, 77
Phosphorus, phosphatidylcholine
metabolism, 103-104
Phosphorylation
calcium translocation, 116, 132, 137-139
formyl peptide receptor, 11-12
inositol phosphate metabolism,
156-157, 160, 162163, 165, 168
neutrophil signal transduction, 39-40,
48
phosphatidylcholine metabolism, 94, 112
phosphatidylinositol 3-kinase, 176-177,
181-182, 184-187, 189-190
phospholipase C isozymes
G protein-dependent activation, 59,
69
growth factor receptor tyrosine
kinases, 75-77
multiple forms, 62
tyrosine phosphorylation, 77-82
P, see Phosphoinositide
Pirenzepine, phospholipase C isozymes,

60
Plasma membrane
calcium translocation, 115-116, 118-119,
137, 139
myeloid cells, 127-128, 130
neutrophil, 119-126
neutrophil signal transduction, 27, 34, 36,
39, 46-47
phosphatidylcholine metabolism, 112
diacyclglycerol, 98—100
measurements, 109, 111
phosphatidate, 102-105, 107-108
phospholipase C isozymes, 66, 78
Platelet-activating factor, neutrophil signal
transduction, 28, 30
Platelet-derived growth factor
inositol phosphate metabolism, 160-161
phosphatidylcholine metabolism, 97
phosphatidylinositol 3-kinase, 181,
183-184, 186, 189, 191
phospholipase C isozymes, 58-59, 75, 77,
80
Platelets
inositol phosphate metabolism, 157, 165
neutrophil signal transduction, 39,
41-42, 48
phosphatidylcholine metabolism, 100
phosphatidylinositol 3-kinase, 186-187,
189
phospholipase C isozymes, 68-69, 73
PMA, see Phorbol myristate acetate
Polymerase chain reaction
neutrophil signal transduction, 30
phospholipase C isozymes, 70
Polymerization
calcium translocation, 146
formyl peptide receptor, 7, 10, 13, 16
inositol phosphate metabolism, 158
neutrophil signal transduction, 40
phosphatidylinositol 3-kinase, 191
Polyphosphoinositides,
phosphatidylinositol 3-kinase,
175-180, 182, 185-188, 190-191
Posttranslational modification, neutrophil
signal transduction, 36-40
Potassium
calcium translocation, 119-124
inositol phosphate metabolism, 164
neutrophil signal transduction, 27, 34



phospholipase C isozymes, 72
pp60*", phosphatidylinositol 3-kinase,
177-178, 183-184, 187, 189
pp60™*™, phosphatidylinositol 3-kinase,

177, 184, 187
Prenylation, neutrophil signal
transduction, 36, 44
Protein, see also G proteins
calcium translocation, 116, 146
myeloid cells, 130, 132134
neutrophil plasma membrane, 119,
126
formyl peptide receptor, 17, 21
inositol phosphate metabolism, 159
phosphatidylcholine metabolism, 107,
108, 111-112
phosphatidylinositol 3-kinase, 177, 181,
186, 189-191
phospholipase C isozymes, 63, 69-72,
76,78, 83
Protein kinase
neutrophil signal transduction, 39, 46
phosphatidylcholine metabolism, 108,
112
phospholipase C isozymes, 58, 61-62,
78

Protein kinase A, inositol phosphate
metabolism, 165
Protein kinase C
calcium translocation, 116-117, 121, 126
inositol phosphate metabolism, 153, 165
phosphatidylcholine metabolism, 95-97,
100, 112
phosphatidylinositol 3-kinase, 176
phospholipase C isozymes, 64-65, 74,
83
Protein tyrosine kinases
calcium translocation, 135
phosphatidylinositol 3-kinase, 175, 177,
181-187, 189-190
phospholipase C isozymes, 74, 77-83
Proteolysis, neutrophil signal
transduction, 28, 36
Protonation, formyl peptide receptor, 19
Protooncogenes, phosphatidylinositol
3-kinase, 185

Quenching, formyl peptide receptor,
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18-19
Quin2, calcium translocation, 140-142

Rab proteins, neutrophil signal
transduction, 32, 34-36, 40-41, 47

Radioactivity, calcium translocation, 120,
138

Rap proteins, neutrophil signal
transduction, 32-33, 35, 39-40, 42

RaplA, neutrophil signal transduction

low-molecular-weight G proteins, 32, 34,
36, 39-40, 42
oxidant production, 44—48

Ras, neutrophil signal transduction, 33-37,
41

ras oncogene, neutrophil signal
transduction, 26, 34, 41

Rat basophilic leukemic cells,
phospholipase C isozymes, 63, 81

Receptor binding pocket topography,
formyl peptide receptor, 18-19

Refractive index, phosphatidylcholine
metabolism, 90-91

Respiratory burst, calcium translocation,
115, 121

Response decay, formyl peptide receptor,
15

Rho proteins, neutrophil signal
transduction, 32-33, 36, 40

Rhodopsin, formyl peptide receptor, 19

RNA, phosphatidylinositol 3-kinase, 191

Ryanodine, calcium translocation, 132

Saccharomyces cerevisige
neutrophil signal transduction, 35, 48
phosphatidylinositol 3-kinase, 185,
190
Sarcoplasmic reticulum, calcium
translocation, 131-132, 135
SDS gels, calcium translocation, 130
SDS-PAGE
inositol phosphate metabolism, 158,
166-167
phospholipase C isozymes, 61
Second messengers
calcium translocation, 135
inositol phosphate metabolism, 154
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Second messengers (Cont.)
neutrophil signal transduction, 25, 31
phosphatidylcholine metabolism, 90
phosphatidylinositol 3-kinase, 175-176,
190
phospholipase C isozymes, 57, 60, 75,
83
Sequences
calcium translocation, 133-134
formyl peptide receptor, 19
inositol phosphate metabolism, 158,
169
neutrophil signal transduction, 27, 30
low-molecular-weight G proteins,
32-34, 36, 40
oxidant production, 44
phosphatidylinositol 3-kinase, 189-190
phospholipase C isozymes, 82-83
G protein-dependent activation, 58,
65, 70-71
multiple forms, 61-65
Signal-terminating enzyme reaction,
inositol phosphate metabolism,
160
Signal transduction
calcium translocation in, see Calcium
translocation in signal transduction
formyl peptide receptor, 10, 17, 19
inositol phosphate metabolism, 160
neutrophil, see Neutrophil signal
transduction
neutrophil signal transduction, 27, 41,
48
phosphatidylcholine metabolism in, see
Phosphatidylcholine metabolism
phosphatidylinositol 3-kinase and, see
Phosphatidylinositol 3-kinase
phospholipase C isozymes, 65, 69, 78,
83
Sodium
calcium translocation, 119-121, 126
phosphatidylcholine metabolism, 111
Spectrofluorometry, formyl peptide
receptor, 1-3, 8-10
Spectroscopy, formyl peptide receptor, 4,
18, 21
Staurosporine, phospholipase C isozymes,
74
Stearic acids, phosphatidylcholine
metabolism, 93-94

Stoichiometry
neutrophil signal transduction, 35, 40
phosphatidylinositol 3-kinase, 189
phospholipase C isozymes, 70
Sulfatase C, calcium translocation, 127
Superoxide, neutrophil signal transduction,
42, 44, 46, 49

T cell receptor, phospholipase C isozymes,
62, 78, 80
T cells
neutrophil signal transduction, 35
phospholipase C isozymes, 77-78, 80
Ternary complex, formyl peptide receptor,
2, 8-10, 13, 15, 21
Thin-layer chromatography
phosphatidylcholine metabolism, 98, 100,
103, 109
phosphatidylinositol 3-kinase, 181
Thioredoxin, phospholipase C isozymes,
63
Thrombin
neutrophil signal transduction, 41, 48
phosphatidylcholine metabolism, 100
phosphatidylinositol 3-kinase, 187, 189
phospholipase C isozymes, 67-68
Thyrotropin-releasing hormone,
phospholipase C isozymes, 66, 70,
73
Translocation
calcium, in signal transduction,
seeCalcium translocation in signal
transduction
phospholipase C isozymes, 65, 77
Transphosphatidylation,
phosphatidylcholine metabolism,
106
Triglycerides, phosphatidylcholine
metabolism, 94, 109
Trypsin, phospholipase C isozymes, 68-69
Tyrosine, phospholipase C isozymes,
77-82
Tyrosine kinases, see also Protein-tyrosine
kinase
phospholipase C isozymes, 64, 74-77

Vanadate, calcium translocation, 126, 132
Vasopressin
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phosphatidylcholine metabolism, X-ray crystallography, neutrophil signal
111-112 transduction, 33
diacylglycerol, 91-96, 98 Xenopus
measurements, 108, 110 inositol phosphate metabolism, 161
phosphatidate, 100, 103-104, phospholipase C isozymes, 68—69
106
phospholipase C isozymes, 58—59, 66, Yptl protein, neutrophil signal

68-69 transduction, 34



