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MAMMALIAN CELLS CONTAIN at least
50 structurally distinct molecular species
of sn-1,2-diacylglycerol (DAG)1,2, whose fatty-
acyl groups can be polyunsaturated (i.e.
contain >3 double bonds), di-unsaturated,
mono-unsaturated or saturated. Some
ubiquitous DAG and phosphatidate (PA)
species are intermediates in the biosyn-
thesis of glycerolipids de novo (Fig. 1a).
When cells are stimulated by appropri-
ate agonists, phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P

2
] hydrolysis

catalysed by phosphoinositide-specific
phospholipase C (PtdInsP

2
-PLC) becomes

an important source of new DAGs that
are able to activate protein kinase C
(PKC). Metabolism of these DAGs, either
by DAG-lipase-catalysed deacylation or
by DAG kinase (DAGK)-catalysed phos-
phorylation (which yields PA), terminates
their action (Fig. 1b). Cell stimulation
also commonly activates phospholipase

D (PLD)-catalysed phosphatidylcholine
(PtdCho) hydrolysis. Downstream of the
stimulated receptors, PLD regulation is
achieved by the activation of small GTP-
binding proteins3 (e.g. Arf1) or of PKC
[which can also be activated by PKC-
stimulating phorbol esters, such as phor-
bol 12-myristate 13-acetate (PMA)]. The
PA generated by PLD is thought to be an
intracellular signal whose action is termi-
nated by phosphatidate phosphohydro-
lase (PAP)-catalysed dephosphorylation,
which produces DAG (Fig. 1c).

Few stimuli activate PtdInsP
2
-PLC or

PLD without simultaneously activating the
other phospholipase (see below). Cells
stimulated by phorbol esters, and porcine
aortic endothelial (PAE) cells stimulated
by lysophosphatidate (LPA), are unusual
in that PLD alone can be activated.

At least in principle, the DAGs and
PAs produced by the PtdIns(4,5)P

2
-PLC

and PLD pathways might be intercon-
verted; however, PtdIns(4,5)P

2
and PtdCho

(the respective precursors) typically
have very different fatty-acyl comple-
ments and their hydrolysis yields very
different DAGs and PAs. Inositol lipids,
which make up 5–10% of the total phos-
pholipid content of most mammalian
cells, are mainly polyunsaturated: 30–80%

of total phosphoinositide is typically the
sn-1-stearoyl-2-arachidonyl species1,2,4–6.
PtdCho is much more abundant, making
up around 30–50% of total mammalian
cell phospholipids. In many cells, PtdCho
predominantly contains saturated and
mono-unsaturated fatty acids – rela-
tively few PtdCho species are polyunsatu-
rated1,2,4–6. Box 1 shows molecular mod-
els of a mono-unsaturated PA (monoPA)
and a polyunsaturated PA (polyPA) that
are typical products of the PLD and
PtdIns(4,5)P

2
-PLC/DAGK pathways, re-

spectively (see Fig. 1). Plasmenylcholines
(1-alkenyl homologues) make up much
of the ‘PtdCho’ complement of some
cells (e.g. neutrophils and cells of the
exocrine pancreas); however, cells con-
tain very little plasmenylinositol6. The
natures of the fatty-acyl pairings and the
proportions of alkenyl species found in
the DAGs, PAs and phosphatidylalcohols
(PtdAlcs) that accumulate following
phospholipase activation are therefore
important sources of information on
which membrane phospholipids are the
precursors of accumulated DAGs and PAs.

Thus, cells make PAs and DAGs de
novo, use both as signalling molecules
and interconvert the two. Some of these
molecules are synthesized de novo at the
endoplasmic reticulum and some are
made at the plasma membrane; the intra-
cellular locations of other sites of syn-
thesis remain unclear (Fig. 1). A major
aim of studying the patterns of DAGs 
and PAs seen in stimulated cells is to
ascertain which molecular species are
the primary products of particular acti-
vated phospholipases, and which of these
species have signalling functions. Table I
summarizes a number of studies that
have reported such analyses.

Which molecular species of diacylglycerol
accumulate during stimulation?

DAG accumulation in stimulated cells
is often biphasic: there is an initial, rapid
rise in DAG concentration and then a
slower accumulation that can be sus-
tained for an hour or more (see Fig. 2).
Polyunsaturated DAGs (polyDAGs) – with
a saturated or mono-unsaturated 1-acyl
group and a polyunsaturated 2-acyl group
– predominate during the initial phase;
however, they are largely restricted to a
few polyDAG species, notably 1-stearoyl-
2-arachidonyl-DAG (see Table I). During
the sustained phase, the concentrations
of a broad range of mono-unsaturated
DAGs (monoDAGs) and saturated DAGs
(satDAGs) rise, and these are accompa-
nied by smaller amounts of polyDAGs.
The initial polyDAGs are mainly products
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of PtdIns(4,5)P
2

hydrolysis, whereas the
mono/satDAGs generated in the sus-
tained phase are derived predominantly
(through dephosphorylation of PLD-
generated PA) from PtdCho1,2. In LPA-
stimulated PAE cells, in which PLD is 
activated but other phospholipases are
not, mono/satDAGs accumulate7. In cho-
lecystokinin (CCK)-stimulated pancre-
atic cells, 1-alkenyl homologues of DAG,
which are derived from plasmenyl-
choline and do not activate PKC, are
major contributors to the sustained
DAG accumulation6.

Which molecular species of phosphatidate
accumulate during stimulation?

PAs are produced rapidly in stimulated
cells, both as a direct result of PLD acti-
vation and by the phosphorylation of
PtdIns(4,5)P

2
-derived DAGs (see Table I).

The PAs produced by these two path-
ways were first distinguished in neutro-
phils by their 32P-labelling patterns: PLD-
derived PAs retain the phosphate group
of their parent lipid and so inherit a low
specific radioactivity from PtdCho,
whereas PAs formed downstream of
PtdIns(4,5)P

2
hydrolysis incorporate 32P

from [32P]ATP during DAG phosphoryl-
ation by DAGK (Ref. 8).

In Swiss 3T3 fibroblasts, bombesin 
activates both PtdInsP

2
-PLC and PLD,

generating polyPAs, monoPAs and satu-
rated PAs (satPAs)9. Similarly, multiple
PA species accumulate in carbachol-
stimulated SK-N-SH cells4; however, in
concanavalin-A-stimulated thymocytes,
only polyPAs are produced10. In LPA-
stimulated PAE cells, where only PLD 
is activated, mono/satPAs accumulate7.
Identification of the sources of PAs that
accumulate during sustained stimu-
lation is complicated by variation in the
speeds at which different receptors de-
sensitize. With some stimuli, such as
bombesin, desensitization can be rapid;
PtdIns(4,5)InsP

2
and PtdCho hydrolysis

therefore slow or halt only minutes after
ligand addition. Receptors for other
stimuli, such as CCK or muscarinic chol-
inergic stimuli, desensitize much more
slowly; this allows PtdIns(4,5)P

2
-PLC 

activation, and the consequent accumu-
lation of polyDAGs and polyPAs to per-
sist for much longer. Taken as a whole,
the results summarized in Table I sug-
gest that most of the accumulated
polyPAs are likely to be products of PLC-
catalysed PtdIns(4,5)P

2
hydrolysis fol-

lowed by the action of a DAG kinase and
that elevations in the levels of mono/
satPAs reflect PLD-catalysed PtdCho 
hydrolysis.

Phosphatidylalcohols identify
phospholipase-D products

One experimental strategy that un-
ambiguously identifies PLD-generated
products of PtdCho hydrolysis depends
on the use of the phosphatidyltransfer-
ase activity of PLD5,7,11. When a primary
aliphatic alcohol (butan-1-ol, propan-1-ol
or ethanol) is present, activated PLDs
generate mainly phosphatidylalcohols
(PtdAlcs), rather than PAs (Fig. 1c). The
former are almost absent from unstimu-
lated cells and are metabolized more
slowly than PA. Structural analysis of
these PtdAlcs is equivalent to a selec-
tive sampling of PLD-generated PAs (see
Table I).

The fatty-acyl profile of the PtdAlcs
predominantly contains a combination
of saturated and mono-unsaturated fatty
acids that mirrors that of PtdCho5,7,11. An
interesting but untested prediction is
that activation of PtdCho-directed PLD
in tissues in which the PtdCho pool is

rich in plasmenylcholines should gener-
ate similarly large fractions of phos-
phenylalcohols in the PtdAlc pool.

Functions of different diacylglycerols
The best characterized function of 

receptor-stimulated DAG production is
activation of PKCs. The PKC family com-
prises three subfamilies of Ser/Thr ki-
nases: ‘conventional’ PKCs (cPKCs),
‘novel’ PKCs (nPKCs) and atypical PKCs
(aPKCs). The cPKCs (a, b and g) and the
nPKCs (d, e, h and U) contain two Cys-
rich lipid-binding domains and require
DAG and phosphatidylserine (PtdSer)
for full activity. The binding of DAG or
phorbol esters (such as PMA) to cPKCs
and nPKCs requires Zn21; the binding of
PtdSer is Ca21 dependent for cPKCs and
Ca21 independent for nPKCs. It seems
likely the binding of DAG and PtdSer is
cooperative, and provokes a confor-
mational change in PKC that relieves an
auto-inhibitory effect, stimulating the
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Figure 1
Multiple sources, signalling functions and metabolism of diacylglycerols (DAGs) and phos-
phatidates (PAs) in mammalian cells. (a) Glycerolipid synthesis de novo in the endoplasmic
reticulum. (b) Receptor-stimulated phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2]
hydrolysis at the plasma membrane. (c) Receptor-stimulated phospholipase D (PLD) action
– location uncertain. Enzymes, substrates and products of glycerolipid synthesis are shown
in grey. In (b) and (c), substrates are shown in green; stimuli and signalling enzymes are
shown in darker blue; signal-inactivating enymes and metabolites are shown in orange; sig-
nalling DAGs and PAs, and intermediate targets are shown in red; and metabolic redirection
of phosphatidyl residues by alcohols is shown in lighter blue. c/nPKCs, conventional/novel
protein kinases C; DAGK, DAG kinase; GPAT, glycerophosphate acyltransferase; LPAT,
lysophosphatidate acyltransferase; mono, mono-unsaturated; PA-act. PK?, PA-activated 
protein kinase; PAP, PA phosphohydrolase; poly, polyunsaturated; PtdCho, phosphatidyl-
choline; PtdEtn, phosphatidylethanolamine; PtdInsP2-PLC, phosphoinositide-specific phos-
pholipase C; R-OH, primary alcohol; sat, saturated, sn-3-GP, sn-3-glycerophosphate.
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enzyme. The aPKCs (l, m, z) contain only
a single Cys-rich domain and do not
bind DAG or PMA. Lipids other than
DAG and PtdSer might regulate some
PKC isoforms: PA and phosphatidylinosi-
tol 3,4,5-trisphosphate [PtdIns(3,4,5)P

3
]

could regulate PKCz12,13, and PKCd and
PKCe translocate from the membrane to
the cytosol during ceramide-induced

apoptosis of HL60 cells14.
However, some of these lipids
have other, apparently more
selective, protein targets; it
is therefore unclear whether
or not their effects on PKCs
are biologically significant.
For instance, PtdIns(3,4,5)P

3

interacts specifically with a
number of pleckstrin hom-
ology (PH)-domain-contain-
ing proteins. Most notably, it
stimulates phosphoinositide-
dependent kinase 1 (PDK1),
which phosphorylates and
activates protein kinase B
(PKB/Akt)15.

The complicated nature of
PKC activation makes it dif-
ficult to use in vitro enzyme
assays to predict the extent to
which particular DAG species
activate PKCs within stimu-
lated cells. Studies of PKC
activation by particular DAG
species have often not used
pure PKC isoforms and it is
difficult to present all DAG
species to PKCs with similar
efficiency. Most DAG species
activate PKCs in vitro, but

there is some ‘preference’ for polyunsatu-
rated DAG species. SatDAGs are gener-
ally poor activators; dioleoylglycerol (a
di-unsaturated DAG) is more active; and
polyDAGs, such as 1-stearoyl-2-arachi-
donoylglycerol, are most potent16,17.
Naturally, these in vitro observations
must be viewed in the context of the lim-
itations mentioned above.

There have been a number of attempts
to correlate the generation of particular
DAG species with intracellular activation
of particular PKC isoenzymes. Both cPKCs
and nPKCs are activated quickly follow-
ing PtdIns(4,5)P

2
hydrolysis. For exam-

ple, bombesin generates polyDAG tran-
siently in Swiss 3T3 cells and only briefly
activates PKCs a, d and e; however, a
combination of bombesin and transform-
ing growth factor b causes a sustained
accumulation of polyDAGs and sus-
tained activation of these PKC isoforms18.
In thrombin-stimulated platelets, acti-
vation of PKCs a, b and z again correlates
with transient production of PtdIns(4,5)P

2
-

derived polyDAGs, rather than with sus-
tained DAG production19.

Whether or not the sustained accumu-
lation of mono/satDAGs that follows
PLD-catalysed PtdCho hydrolysis acti-
vates PKCs continues to be disputed.
When measured by an assay that does not
discriminate between PKC isoenzymes,
DAGs derived from PLD-generated PA
did not seem to influence overall PKC
activity in IIC9 fibroblasts, but it was
later suggested that these DAGs do
stimulate PKCe20,21. This is questionable
because both PLD and PtdInsP

2
-PLC

were probably activated in these cells.
In LPA-stimulated PAE cells, in which
PLD activation is not accompanied by
PtdInsP

2
-PLC activation (see above) and

only mono/satDAGs accumulate, LPA
neither stimulated total PKC activity nor
enhanced membrane translocation of
any PKC isoform. At least in PAE cells,
PLD-derived DAGs do not seem to 
activate PKC7.

Box 1. Molecular models of a polyunsaturated
phosphatidate and a mono-unsaturated phosphatidate

(a) 1-stearoyl-2-arachidonoylphosphatidate. (b) 1-stearoyl-2-
oleoylphosphatidate.
These models illustrate the distinct structures of poly-
unsaturated and mono-unsaturated lipids. It is possible
that the biological responses to these lipids reflect their
different shapes.

Table I. Diacylglycerol, phosphatidate and phosphatidylalcohol accumulation in stimulated cellsb

Cell typea (stimulus) Lipid species Ref.

Diacylglycerols
IIC9 (thrombin) Early polyDAG ↑ , later mono/sat DAG ↑ 1
3T3 (bombesin) Early polyDAG ↑ , later mono/sat DAG ↑ 2
SK-N-SH (carbachol) Early polyDAG ↑ , later mono/sat DAG ↑ 4
Pancreas (CCK) Much alkenyl-DAG during sustained phase 6
PAE (LPA) Mainly mono/sat DAG ↑ , blocked by alcohols, no PKC activation 7
3T3 (bombesin and TGF-b) Sustained polyDAG ↑ , sustained PKC activation 18

Phosphatidates
SK-N-SH (carbachol) Early transient polyPAs ↑ , mono/satPA detected resembled PtdCho 4
PAE (LPA) Sustained production of mainly mono/satPAs, blocked by alcohols 7
3T3 (bombesin) Early polyPAs ↑ , late mono/satPAs ↑ 9
Thymocytes (ConA) Mainly polyPAs ↑ 10

Phosphatidylalcohols
PC12 (bradykinin or phorbol ester) Phosphatidylethanol similar to PtdCho, PtdAlc and PtdCho ~25% polyunsaturated 5
PAE (LPA) Phosphatidylbutanol similar to PtdCho, very little polyPtdAlc 7
3T3 (bombesin) Phosphatidylbutanol similar to PtdCho, very little polyPtdAlc
HL60 (PMA) Phosphatidylbutanol similar to PtdCho, PtdAlcs <20% polyunsaturated 11

a3T3 and IIC9 cells are fibroblasts; SK-N-SH cells are neuronal cells and PC12 cells are adrenal chromaffin cells; PAE cells are endothelial cells: HL60 cells are
myeloid leukaemia cells. b↑ signifies increased levels. Abbreviations used: DAG, diacylglycerol; CCK, choleocystokinin; LPA, lysophosphatidate; PKC, protein
kinase C; TGF-b, transforming growth factor b; PtdCho, phosphatidylcholine; ConA, concanavalin A; PtdAlc, phosphatidylalcohol; poly, polyunsaturated; mono,
mono-unsaturated; sat, saturated.
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The ability of polyDAGs to activate
PKC more efficiently than mono/satDAGs
might reflect a higher binding affinity 
for PKC or physical effects of their
polyunsaturated acyl chains on bilayer
structure. In particular, polyDAGs might
increase the spacing between lipid head-
groups and/or alter bilayer curvature,
enhancing access for PKC. Furthermore,
some PKCs are bound to cytosolic or
membrane ‘receptor’ proteins that might
influence overall PKC activity. Recent re-
views present detailed discussions of the
regulation of PKC activity and of the roles
of proteins that interact with PKCs22,23.

Functions of different phosphatidate species
The most convincing evidence that

some PAs have a second-messenger func-
tion comes from the demonstration that
PLD activation is an essential step in the
stimulation of actin stress-fibre assem-
bly, following activation of LPA recep-
tors in PAE cells24. No other phospho-
lipase is known to be activated in this
situation. When butan-1-ol is present
(causing generation of PtdAlcs rather
than PA, from PtdCho), LPA-stimulated
PA accumulation and stress-fibre for-
mation are both inhibited (see Table I).
Exogenous PA induces stress-fibre for-
mation, even in alcohol-treated cells.
Covalent inactivation of the small G pro-
tein Rho, by Clostridium botulinum C3
toxin, blocks the LPA-stimulated or PA-
stimulated stress-fibre formation, identi-
fying Rho as a signalling component
downstream of LPA receptor activation,
PLD activation and mono/satPA accu-
mulation24 (Fig. 1c).

Recently, PA-dependent protein kinase
activities have been identified. In neutro-
phils, PA stimulates Ser and Tyr phos-
phorylation of the p47phox component of
the NADPH oxidase complex25. This ki-
nase could provide a link between PLD-
catalysed PA formation and stimulation
of the respiratory burst in these cells
(e.g. in response to fMet-Leu-Phe). Alcohol
inhibits PMA-stimulated Tyr phosphoryl-
ation of 100–115-kDa proteins in HL60
cells, and exogenous PA reproduces this
response26. This suggests that PLD plays
an intermediary role – rather than that
its activation is simply a consequence of
PKC activation. In mouse 3T3-L1 cells,
interleukin 11 stimulates PA production
and Tyr phosphorylation of the 44/47-kDa
MAP kinases: both responses are inhib-
ited by ethanol27. When added exogen-
ously, satPA stimulates MAP-kinase phos-
phorylation and activity more efficiently
than polyPA27. In vitro, a Cys-rich domain
in the Raf1 Ser/Thr kinase (a MAP 

kinase kinase kinase) binds
to dioleoyl-PA and, in MDCK
cells, PMA-stimulated trans-
location of Raf1, but not PKCa,
is blocked by ethanol28.
Together these results suggest
the existence of PA-stimulated,
protein-kinase-dependent
signalling pathways in cells.

There are other possible,
though less well defined, tar-
gets for signalling by PAs. A
saturated PA stimulates se-
cretion of a matrix metallo-
protease from metastatic
cells29 and a polyPA, similar
to those produced from
PtdIns(4,5)P

2
-derived DAGs,

activates a cyclic-AMP phos-
phodiesterase10. Other re-
ports have suggested that PA
regulates the GTPase-activator
protein Ras-GAP, phosphat-
idylinositol 4-kinase and/or a
microtubule-associated pro-
tein30,31, but little is known
about the relative potencies
of different PAs towards these potential
targets (and other acidic phospholipids
sometimes mimic the effects PAs).
Whether they are biological targets of
PA in intact cells is uncertain. All of
these results raise the possibility that
some proteins might possess regulatory,
PA-binding domains.

Functional inactivation of diacylglycerol and
phosphatidate signalling

Intracellular messenger molecules
must be quickly and specifically inacti-
vated. If polyDAGs are functionally dis-
tinct from more-saturated DAGs, and
there is a similar functional distinction
between mono/satPAs and polyPAs,
then there should be enzymes whose lo-
cation or substrate specificity allows
them to distinguish between the func-
tionally different lipid species.

For DAG inactivation by DAGK, this
criterion has been satisfied. Several cyto-
solic DAGKs have been identified, each
with two zinc-finger domains homolo-
gous to the DAG-binding C1 domain of
PKC. Most DAGKs show little acyl-chain
selectivity: they phosphorylate satDAGs,
polyDAGs and physicochemically similar
lipids, such as monoacylglycerols and
ceramides. Recently, however, a DAGK
that predominantly phosphorylates
polyDAGs was found in human endo-
thelial cells and pig testis32,33. Because
this DAGK presumably terminates the
signalling function of polyDAGs, we now
need to understand its regulation.

PA is dephosphorylated by PAPs. Cells
contain several PAPs, at least one of
which has been suggested dephosphoryl-
ate PLD-derived PAs34. However, this enzyme
is glycosylated and could be similar to a
surface-located neutrophil PAP35,36. A PAP
that hydrolyses a mono/satPA more ef-
ficiently than polyPA, and thus exhibits
the substrate specificity expected of a
signal-terminating enzyme, has been par-
tially purified from rat liver membranes37.
Three cloned mammalian PAPs that have
primary sequences that suggest that
they are integral membrane proteins38,
but it is not known whether any of these
is the mono/satPA-selective PAP.

Future perspectives
The weight of evidence suggests that

polyDAGs and mono/satPAs are intracel-
lular signalling molecules, which often op-
erate in parallel when receptors regulate
cell function, and that other DAGs and PAs
(and their metabolites) have no signal-
ling function. The DAG-binding domains
of some of the participating proteins
have been identified, but there remains
a need to identify PA-binding domains in
PA-target proteins and PA-metabolizing
enzymes. The latter domains should to
some degree discriminate between poly-
unsaturated and more-saturated PA spe-
cies. Identification of such domains, when
combined with recent advances in tech-
niques for visualizing signal transduction
in real time, should help to clarify the func-
tions of these signalling lipids. Such 
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Biphasic diacylglycerol (DAG) production in stimulated
cells. DAG accumulates rapidly following receptor
stimulation and is sustained for up to 60 min. The ini-
tial phase is characterized mainly by the generation of
polyunsaturated (poly) DAG species derived from
phosphatidylinositol 4,5-bisphosphate, whereas the
second sustained phase is characterized by the gen-
eration primarily of saturated and mono-unsaturated
DAGs, derived from phosphatidylcholine by the action
of phospholipase D. It is possible that during the later
stages of sustained DAG production there is a contri-
bution from the activity of a phosphatidylcholine-
directed phospholipase C (Ref. 39).
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PROTEIN SEQUENCE MOTIFS

The PCI domain: a common
theme in three
multiprotein complexes

The majority of intracellular protein
degradation takes place at the
proteasome, a multisubunit protease that
is present in the cytoplasm and the
nucleus of eukaryotic cells1. The 20S
proteasome forms a barrel-shaped
structure; the active sites of the multiple
catalytic subunits face into the central
cavity. This core proteasome typically
associates with one or two 19S cap
complexes to form a larger assembly,
which is termed the 26S proteasome. 

The 19S cap complex contains several
ATPase subunits, which are probably
involved in unfolding target proteins. 
The 19S complex also contains at least 
11 non-ATPase subunits, which are
thought to function in regulation and
target recognition1,2. One of these
subunits (S5a) binds to ubiquitin3, which
serves as a universal signal for targeting
proteins to the proteasome. Two
regulatory subunits have recently been
shown to share a repeat motif with the
cyclosome–APC complex4, which is
involved in cell-cycle-dependent
ubiquitination of regulatory proteins. 

In order to learn more about the
potential function of the regulatory
proteasome subunits, we set out to
identify distantly related proteins by

applying the generalized-profile method5

– a sensitive, motif-based technique for
searching sequence databases. We
identified a new homology domain that,
together with a previously noticed
homology domain, is present in several
regulatory components of the proteasome
and in a number of other protein families
(see Fig. 1).

The new homology domain is present in
five different proteasome subunits2, at
least two subunits of the plant
photomorphogenic regulator complex
COP9 (Ref. 6), two subunits of the
translation initiation factor eIF3 (Ref. 7)
and subunits of certain other multiprotein
complexes. A complete list of protein
families containing this homology region,
which we have termed the ‘PCI domain’

studies should also reveal whether differ-
ent lipid species operate at different intra-
cellular locations and, if so, how this con-
tributes to the specificity of their actions.
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Figure 1
Alignment of representative PCI domains. Only the better-conserved C-terminal half of the complete PCI domain is shown. Only sequences
matching established profiles with an error probability of P , 0.01 were accepted during iterative profile refinement and are shown here. Error
probabilities were estimated as described previously12. Identical amino acid residues are shown against a black background; residues that
are similar in at least 50% of the sequences are shown against a grey background. Numbers on the left indicate the position of each domain
within the protein sequence. Alternative names for these proteins can be found in Table I. The sequences are grouped by biological function,
which is indicated by the colour bars on the left: magenta, proteasome; green, COP9; cyan, eIF3. The red letters at the top of the alignment
indicate the positions of the predicted a-helices8. HS, human; MM, mouse; SC, Saccharomyces cerevisiae; AT, Arabidopsis thaliana.


