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Multienzyme complexes are noncovalent aggregates of
protein subunits that catalyze successive steps of a multistep
chemical reaction. It is almost self-evident that such a system
can have properties that go beyond the sum of those of its parts
and these have been reviewed before (Reed, 1974; Perham,
1975; Hammes, 1981) under three main headings: (1) en-
hancement of catalytic activity, (2) substrate channeling, and
(3) the “hot potato” hypothesis. The first two of these take
account of the limited diffusion required of a common inter-
mediate if the active sites of successive enzymes are suitably
juxtaposed. This can extend to the directed diffusion of the
intermediate, even to its covalent transfer, which may be of
particular importance in selecting between competing pathways
at branch points of metabolism. The hot potato hypothesis
(Perham, 1975) recognizes that intramolecular transfer in a
protein milieu can protect an intermediate that is insufficiently
stable to survive the normal diffusion process in aqueous so-
lution at neutral pH and, say, 37 °C. The scope of active-site
chemistry that might be employed is thus widened.

In this paper I discuss several lines of work on the 2-oxo
acid dehydrogenase multienzyme complexes that have un-
covered some unexpected features of the enzyme proteins.
Despite the formidable size of these protein complexes, the
combined techniques of limited proteolysis, NMR spectros-
copy, and protein engineering have proved remarkably effective
in tackling the problem of their structure and function. Apart
from providing a new structural basis for understanding the
mechanism of these enzyme complexes in particular, the results
illuminate the properties of multienzyme complexes in general.
In addition they put flesh on another principle, that of par-
simony in the choice of protein subunits in the construction
of macromolecular assemblies (Perham, 1975; Perham et al.,
1978), while disclosing an apparent disregard of this principle
in certain aspects of the domain structure of the enzyme
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complexes that remains a puzzle. There are useful lessons to
be learned here about the design of multidomain proteins,
which carry important implications for the analysis of pro-
tein—protein interactions in a wide range of biological systems.

The interested reader who wishes to learn more about these
complexes, their genetics, their part in metabolism, and their
importance in clinical medicine, is referred to the proceedings
of a recent conference devoted exclusively to them in all their
different aspects (Roche & Patel, 1989; Patel & Roche, 1990).

SYMMETRY, SUBUNIT STRUCTURE, AND Basic
MECHANISM

2-Oxo acid dehydrogenase complexes (Reed, 1974) consist
of multiple copies of three different enzymes that catalyze the
oxidative decarboxylation of 2-oxo acids, as shown schemat-
ically in Figure 1. The three constituent enzymes of the py-
ruvate dehydrogenase (PDH) complex are pyruvate de-
carboxylase [pyruvate dehydrogenase (lipoamide), E1p, EC
1.2.4.1], dihydrolipoamide acetyltransferase (E2p, EC
2.3.1.12) and dihydrolipoamide dehydrogenase (E3, EC
1.8.1.4). For the 2-oxoglutarate dehydrogenase (20GDH)
complex, the corresponding enzymes are 2-oxoglutarate de-
carboxylase (Elo, EC 1.2.4.2), dihydrolipoamide succinyl-
transferase (E2o, EC 2.3.1.61) and dihydrolipoamide de-
hydrogenase (E3, EC 1.8.1.4). The three short branched-chain
2-oxo acids produced by transamination of the amino acids
leucine, isoleucine, and valine are oxidatively decarboxylated
by a single complex (BCODH) of comparable structure (Reed
& Yeaman, 1987; Randle et al., 1987). During catalysis, the
substrate is attached by thioester linkage to lipoyllysine res-
idues of the E2 chains (Figure 1). Spin-label experiments
with the PDH complex of Escherichia coli have demonstrated
that the dithiolane ring of the lipoyl group has a correlation
time of ca. 10~ s, which indicates that it has essentially total
freedom to rotate in the complex (Ambrose & Perham, 1976;
Grande et al., 1976) and to act as the classic “swinging arm”,
conveying substrate between the three successive active sites
(Reed, 1974). In all the complexes, substrate specificity resides
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FIGURE 1: Schematic diagram of the reaction mechanism of 2-oxo
acid dehydrogenase complexes [after Reed (1974)). ThDP, thiamin
diphosphate; Lip, lipoic acid.

in the E1 and E2 components, whereas E3 fulfills a common
service function to reoxidize the enzyme-bound dihydrolipo-
amide (Figure 1). Thus, in keeping with the principle of
parsimony in the assembly of biomolecular structures, the E3
component is normally identical in the various complexes
elaborated by a given organism. The only known exception
is that of Pseudomonas putida, which has three different E3
genes, of which two are known to encode dihydrolipoamide
dehydrogenases specific to the branched-chain 2-oxo acid and
to the pyruvate and 2-oxoglutarate dehydrogenase complexes,
respectively (Burns et al., 1989). The reason for this is obscure.

The 2-oxo0 acid dehydrogenase complexes have a high M,
[(5-10) X 105, depending on the underlying symmetry] and
are seen as particles of 30~40 nm in the electron microscope
(Reed, 1974; Henderson et al., 1979; Oliver & Reed, 1982;
Hackert et al., 1989). They are thus substantially larger than
a ribosome. The E2 component forms a structural core to
which the E1 and E3 components, both dimers, are bound
tightly but noncovalently. In the PDH and 20GDH complexes
of E. coli (Reed, 1974; Danson et al., 1979) and Azotobacter
vinelandii (Hanemaaijer et al., 1989) and the 20GDH (Reed,
1974) and BCODH (Griffin et al., 1988; Hackert et al., 1989)
complexes of mammals, this core consists of 24 copies of the
E2 chain arranged with octahedral symmetry, whereas in the
PDH complexes of mammals (Reed, 1974), Bacillus stear-
othermophilus (Henderson & Perham, 1980), Bacillus subtilis
(Lowe et al., 1983), Streptococcus faecalis (Reed, 1974; A.
Allen, J. N. Berman, L. C. Packman, and R. N. Perham,
unpublished work), and Saccharomyces cerevisiae (Keha et
al., 1982), the core comprises 60 E2 chains arranged with
icosahedral symmetry. In the octahedral PDH complexes the
Elp polypeptide chains are unsplit, whereas in the icosahedral
PDH complexes the E1p component is composed of El« and
E13 subunits, i.e., Ela;E18;. Thus, the PDH complexes of
eukaryotes, which are located in the mitochondria, and those
of Gram-positive Bacillus spp. and S. faecalis, form a class
that can be distinguished in subunit composition and E2
symmetry from the corresponding complexes of the Gram-
negative bacteria, E. coli and A. vinelandii. This may be of
interest in considering the evolutionary origins of mitochondria
(Henderson et al., 1979; Keha et al., 1982).

The Gram-positive bacterial and eukaryotic PDH complexes
themselves differ in that the latter are importantly subject to
control in vivo by a system of phosphorylation-dephosphory-
lation of the Ela subunits, as are the eukaryotic BCODH
complexes. This metabolic control will not be considered
further here, as detailed reviews can be found elsewhere (Reed
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& Yeaman, 1987; Randle et al., 1987; Yeaman, 1989; Patel
& Roche, 1990). The structure of the E2p core of the ox heart
and kidney (and presumably other mammalian) PDH com-
plexes is additionally complicated by the presence of a few
(about 6) copies of an extra lipoic acid containing polypeptide
chain, protein X (Jilka et al., 1986; Hodgson et al., 1986). A
similar protein is present in the PDH complex from yeast
(Behal et al., 1989). It may be concerned (see below) with
binding the E3 component and facilitating its participation
in electron transfer (Gopalakrishnan et al., 1989; Neagle et
al., 1991; Lawson et al., 1991). There is no evidence as yet
for the existence of a protein X in the E2p core of the PDH
complex of prokaryotes, nor in 20GDH or BCODH com-
plexes, but this cannot be ruled out.

Despite the participation of three enzymes in the overall
reaction (Figure 1), the active sites are not represented in equal
numbers in the enzyme particle. For example, each E2p chain
of the PDH complex of E. coli is able to bind up to two Elp
chains (one Elp dimer) (Bates et al., 1975; Reed et al., 1975)
and, although the E1p:E2p:E3 chain ratios in the purified
complex have been reported widely (Reed, 1974; Hammes,
1981; Yang et al., 1985) as 1.0:1.0:0.5, there is other evidence
that these chain ratios are not always strictly adhered to (Bates
et al., 1975; de Kok & Westphal, 1985). Competition between
Elp and E3 subunits for space on the surface of the E2p core
during the assembly process (Reed et al., 1975) might be the
basis, at least in part, for any variations in subunit stoi-
chiometry. The Elp dimers appear to bind along the 12 edges
of the octahedral core, with the E3 dimers integrated into the
6 faces (Oliver & Reed, 1982; Yang et al., 1985; Reed &
Hackert, 1990). Similar considerations apply to the 2-oxo acid
dehydrogenase complexes from other sources, especially the
PDH complexes of icosahedral symmetry whose E3:E2p ratios
are significantly less than 0.5 (Reed, 1974; Henderson &
Perham, 1980; Wu & Reed, 1984). A structural heterogeneity
in the E. coli PDH complex consistent with these observations
has been inferred from two different methods of ultracentri-
fugation analysis (Schmitt & Cohen, 1980; Gilbert & Gilbert,
1980) although no such heterogeneity could be detected by
STEM measurements (Yang et al.,, 1985). Moreover, the
20GDH complex of E. coli, with E10:E20:E3 chain ratios of
0.5:1.0:0.5 (Reed, 1974), has been postulated to exhibit more
than 100000 different quaternary structures as a result of
different permutations in the packing of Elo and E3 subunits
round the E2o0 core during assembly (Wagenknecht et al.,
1986, 1987). In any event, these enzyme complexes plainly
do not conform entirely to the simple principles of exact as-
sembly expected from a study of less complicated oligomeric
systems (Perham, 1975), and we must evidently seek a mo-
lecular model that is not dependent on a simple direct transfer
of substrate between three active sites organized with 1:1:1
stoichiometry in a strict geometrical arrangement.

DOMAINS AND LINKERS IN THE E2 POLYPEPTIDE CHAINS

The structural and mechanistic cores of the 2-oxo acid
dehydrogenase complexes are provided by the E2 polypeptide
chains. Given their location as core enzymes, around which
the E1 and E3 components are assembled, the E2 components
are remarkably sensitive to limited proteolysis, readily shedding
fragments of the E2 chains carrying the lipoyl groups. These
fragments, or lipoyl domains, are therefore thought to protrude
physically from an inner part of the E2 core, interdigitating
between the E1 and E3 subunits. The residual parts of the
E2 chains retain the dihydrolipoamide acyltransferase activity
and remain assembled as the inner core, still exhibiting their
octahedral or icosahedral symmetry [see Bleile et al. (1981)
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FIGURE 2: Amino acid sequences of the E2p and E2o chains of the PDH and 20GDH complexes of E. coli. Segments of polypeptide chain
rich in alanine, proline, and charged amino acids, which link folded domains, are underlined. Cleavage sites for trypsin (T) and S. aureus

V8 proteinase (V) are indicated. @, lipoyllysine residue.

and Duckworth et al. (1982) and references therein]. The
lipoyl fragments, unlike the inner part of the E2 core, are
difficult to visualize in negatively stained electron micrographs,
perhaps because of physical flexibility (Bleile et al., 1979;
Perham & Wilkie, 1980; Oliver & Reed, 1982), and they
behave hydrodynamically as unusually swollen or extended
structures (Bleile et al., 1979, 1981).

It has become apparent that the highly segmented structure
of the E2 chains holds the key to a fuller understanding of the
structure and mechanism of the complexes. The unexpected
variety and almost gothic complexity of the domain and linker
structure of the E2 chains of 2-oxo acid dehydrogenase com-
plexes has emerged from a study of their patterns of limited
proteolysis, combined with a knowledge of the DNA sequences
of the structural genes that encode them (Perham & Packman,
1989; Guest et al., 1989; Reed & Hackert, 1990). The E2p
and E2o chains of the PDH and 20GDH complexes of E. coli
have figured prominently in this approach. The amino acid
sequences of the E2p (Stephens et al., 1983) and E2o (Spencer
et al., 1984; Packman & Perham, 1987) chains, together with
the proteolytic cleavage sites for trypsin and Staphylococcus
aureus V8 proteinase (Packman & Perham 1986, 1987), are
shown in Figure 2. The clustering of the proteolytic cleavage
sites in the interdomain segments of the polypeptide chains
defines the approximate limits of the domains and permits their
purification (Packman et al., 1984a; Packman & Perham,
1986, 1987). Thus, the N-terminal half of the E2p chain (66
kDa) consists of three highly homologous lipoyl domains, each
of about 80 amino acid residues, linked together in tandem
array by long peptide sequences (about 25-30 amino acid
residues) rich in alanine, proline, and charged amino acids.
These are followed by a domain, about 50 amino acids in
length, whose primary purpose at least appears to be that of
binding the E3 subunits to the E2 core (Packman & Perham,
1986; Radford et al., 1987) and which is linked in turnto a
large C-terminal region (29 kDa) by another (but less con-
spicuous) region rich in alanine, proline, and charged amino
acids. It is this C-terminal (29 kDa) fragment that remains

assembled as the octahedral inner core and that retains the
binding site for the Elp subunits and the active site for the
acetyltransferase step of the complex reaction (Radford et al.,
1987). The E2o chain of E. coli is homologous in sequence
and is organized similarly (Figure 2) except that it has only
one lipoyl domain and the compositions of the interdomain
regions differ somewhat from those of their counterparts in
the E2p chain (see below).

This segmented structure for the E2 chains turns out to be
general and widespread. The E2p chain from the PDH com-
plex of B. stearothermophilus can be cleaved successively with
chymotrypsin and trypsin to produce the single lipoyl domain,
the E3-binding domain, and the residual (icosahedral) inner
core domain, all of which show significant sequence homology
with the corresponding domains from the E2p and E2o chains
of E. coli (Packman et al., 1988; Borges et al., 1990). An
important difference is that the E3-binding domain (in this
as in other icosahedral complexes) plays a part also in binding
the E1p component, for its removal by proteolysis causes the
complex to disassemble to a naked inner core (Perham &
Wilkie, 1980; Packman et al., 1988). Similar segmented
structures for other E2 chains have been inferred from the
DNA sequences of genes or cDNAs encoding them, notably
the E2p chains from PDH complexes of A. vinelandii (Ha-
nemaaijer et al., 1988), human placenta (Coppel et al., 1988),
human liver (Thekkumkara et al., 1988), yeast (Niu et al.,
1988), B. subtilis (Hemil4 et al., 1990), and S. faecalis (Allen
& Perham, 1991); the E20 chain from the 20GDH complexes
of B. subtilis (Carlsson & Hederstedt, 1989) and A. vinelandii
(Westphal & de Kok, 1990); and the E2b chains from the
BCODH complexes of Ps. putida (Burns et al., 1988), ox liver
(Griffin et al., 1988), human liver (Danner et al., 1989), and
human placenta (Nobukuni et al., 1989). These sequences
have recently been listed and their extensive similarities com-
pared (Russell & Guest, 1991a).

As pointed out in detail elsewhere (Perham & Packman,
1989), there is no simple correlation between the number of
lipoyl domains per E2 chain, the symmetry of the E2 core, and
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FIGURE 3: Schematic layout of domains in the E2 and protein X
subunits of 2-oxo acid dehydrogenase complexes.

the phylogeny of the source of the E2 core. Thus, the octa-
hedral PDH complexes of E. coli and A. vinelandii (proka-
ryotes) have three, the icosahedral S. faecalis (prokaryote)
and mammalian (eukaryotic) PDH complexes have two, and
the icosahedral Bacillus (prokaryote) and yeast (eukaryote)
enzymes have one (Figure 3). No 20GDH or BCODH
complex has yet been found with more than one lipoyl domain
per E2 chain, and all of these, with one exception, are of
octahedral symmetry. The exception is the BCODH complex
of B. subtilis and B. stearothermophilus, which appears to be
identical with the icosahedral PDH complex, an example of
multiple substrate specificity, related perhaps to the require-
ment for branched chain fatty acids as essential components
of the cell membranes of Gram-positive organisms (Lowe et
al., 1983).

Protein X, the extra component found thus far only in PDH
complexes of eukaryotic origin (see above), has a similarly
segmented structure. Limited proteolysis of the ox heart PDH
complex (Rahmatullah et al., 1989; Neagle et al., 1989) and
sequence analysis of the gene encoding the yeast protein X
(Behal et al., 1989) indicate that protein X from both sources
has only a single lipoyl domain and a peripheral subunit-
binding domain, which are homologous with their counterparts
in the yeast E2 chain (Figure 3). Most surprisingly, perhaps,
the sequence homology is limited to this N-terminal half of
the molecule; the C-terminal half has little or no similarity
in sequence to the E2 protein and, in particular, lacks a C-
terminal segment of about 80 amino acid residues (Behal et
al.,, 1989). This may indicate that it is unable to catalyze the
acyltransferase reaction associated with E2 (see below).

SuUBSTRATE CHANNELING AND THE ROLE OF THE LipoyL
DOMAINS

In all 2-oxo acid dehydrogenase complexes studied thus far,
the lipoyl groups are attached to small protein domains, similar
in sequence and presumably in three-dimensional structure.
Why is this? The swinging arm mechanism does not require
it, except to limit diffusion of the dithiolane ring (see above),
and it is not demanded by the chemical mechanism (Figure
1). Indeed, free lipoic acid or lipoamide can act as substrates
for the E2p and E3 components of the E. coli PDH complex
(Reed et al., 1958), yet direct reductive acetylation of these
compounds by the E1p component could not be detected to
any appreciable extent (Reed et al., 1958; Reed, 1966). On
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the other hand, lipoyl domains excised proteolytically from
the PDH complexes of ox heart (Bleile et al., 1981), E. coli
(Packman et al., 1984a), and B. stearothermophilus (Packman
et al., 1984b) are reductively acetylated by the relevant Elp
component in the presence of ThDP, Mg?*, and pyruvate.

Only the R-enantiomers of lipoate and dihydrolipoate
function with the PDH and 20GDH complexes of E. coli
(Yang & Frey, 1989). Taking this stereospecificity into ac-
count, free lipoamide is actually a very poor substrate for E.
coli Elp, with a K, in excess of 2 mM and a k, /K, of 3.0
M s7! (Graham et al., 1989). A lipoylated decapeptide with
an amino acid sequence identical with that surrounding each
of the three lipoyllysine residues in the E. coli E2p chain is
equally ineffective as a substrate, whereas the free lipoyl do-
mains are reductively acetylated under identical conditions with
a K, of approximately 26 uM and a k., /K, of approximately
3.0 X 10* M s"I. Moreover, the lipoyl domains from the E2p
and E2o chains of E. coli function well as substrates only with
the Elp and Elo components of their respective parent com-
plexes (Graham et al., 1989).

As judged by these values for k,/Kp, the ability of lipoic
acid to act as a substrate for E. coli Elp is greatly enhanced
(kear/ K raised by a factor of 10000) by virtue of its at-
tachment to a protein domain. The lipoyl domain acts further
to confer specificity on the reductive acylation of the dithiolane
ring by the cognate E1 component, and the feebleness of the
lipoylated decapeptide as a substrate indicates that a folded
lipoyl domain is necessary to the reaction (Graham et al.,
1989), though it is not simply a question of enhanced binding
of the lipoyl domain (Graham & Perham, 1990). These results
have yet to be extended to other complexes, but it is known
that free lipoyl domains from the PDH complexes of ox heart
(Bleile et al., 1981) and B. stearothermophilus (Packman et
al,, 1984b) are reductively acetylated by the relevant Elp
component, with K, values around 20 uM. Therefore, it is
more than likely that, in all 2-oxo acid dehydrogenase com-
plexes, the lipoyl group must be attached to a specific lipoyl
domain to promote reductive acylation of the dithiolane ring.
This is all the more remarkable for the fact that the dithiolane
ring is at the end of a 1.4-nm swinging arm and is free to rotate
with respect to the bulk of the protein (see above). It is
reasonable to infer that some process of molecular recognition
and interaction between the lipoyl domain and its cognate El
component forms an essential part of this first step in the
reaction catalyzed by the enzyme complex. The specificity
conferred by the lipoyl domain provides a beautiful mechanism
for substrate channeling, the lipoyl group that undergoes re-
ductive acylation being confined to the lipoic acid residue
covalently attached to the intended E2 component.

Although the underlying requirement for lipoyl domains in
2-oxo0 acid dehydrogenase complexes has thus been laid bare,
another and initially more obvious question to ask is why the
E. coli and A. vinelandii PDH complexes have three lipoyl
domains per E2 chain and the mammalian and S. faecalis
PDH complexes have two, whereas other 2-oxo acid de-
hydrogenase complexes function well with just one lipoyl do-
main per E2 chain. Protein engineering experiments have
thrown much light on this problem: deletion of one or even
two of the lipoyl domains in the E2 chain of the E. coli PDH
complex (Figure 4) had no adverse effect on its assembly or
its catalytic activity (Guest et al., 1985), and the conversion
of the lipoyllysine residue to a glutamine residue of course
rendered the lipoyl domain nonfunctional and the complex
inactive, but the creation of E2 chains containing various
combinations and permutations (+/-, —/+, —/=/+, +/+/-)
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FIGURE 4: Schematic layout of domains in wild-type and genetically
engineered E2 chains of the PDH complex of E. coli. +, a functional
lipoyl domain; —, a lipoyl domain in which the lipoyllysine residue
has been replaced with glutamine.

of functional (+) and nonfunctional (-) lipoyl domains (Figure
4) restored the catalytic activity to essentially wild-type levels,
with all the functional domains being capable of participating
in the reaction (Allen et al., 1989).

Several important conclusions can be deduced from these
results. First, the lipoyl domains are clearly independent
entities in the folding process, and the folding of the other
domains in the E2 chains, together with the ensuing assembly
of the complex, is independent of the lipoyl domains. Second,
one lipoyl domain is sufficient for complex activity. Nature
appears to have been unnecessarily prodigal in furnishing some
2-oxo acid dehydrogenase complexes with a superfluity of
lipoyl domains, in contravention of the normal principle of
parsimony in biomolecular assembly. The reason for this
remains obscure. Third, any catalytic mechanism that requires
serial transfer of the acetyl group between outer and inner
lipoyl domains (or vice versa) in a given E2 chain can be ruled
out. Fourth, each lipoyl domain can function independently
of its neighbors, heightening our appreciation of the need for
conformational flexibility in the E2 chain to permit the lipoyl
domains to participate in active-site coupling (see below).

STRUCTURE AND LIPOYLATION OF THE LiroYL DOMAIN

Despite much effort in numerous laboratories over many
years, the 2-oxo acid dehydrogenase complexes have resisted
all efforts to crystallize them, except as assemblies with what
are now known to be proteolyzed E2 cores (DeRosier et al.,
1971; Fuller et al., 1979). The E3 components of the yeast
(Takenaka et al., 1988) and A. vinelandii (Schierbeek et al.,
1989) PDH complexes have been crystallized and high-reso-
lution structures are awaited. The domain-and-linker structure
of the E2 chain, however, opens up another approach: sys-
tematic determination of the structures of the individual do-
mains and of the linkers that join them. The structure of the
lipoyl domain is of unusual interest, given the part it plays in
promoting the reductive acylation of its pendant lipoyl group
(see above).

A subgene encoding the lipoyl domain (residues 1-85) of
the B. stearothermophilus PDH complex has been created and
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overexpressed in E. coli (Dardel et al., 1990). The product
was found to exist in three forms: an unlipoylated domain
(80%), a domain correctly lipoylated on Lys-42 (16%), and
a domain aberrantly acylated on Lys-42 with an octanoyl
group (4%). It appears that the overexpression of the subgene
swamps the ability of the E. coli cell to lipoylate the domain
and, moreover, induces the mismodification with an octanoyl
group, a likely biosynthetic precursor of lipoic acid (Dardel
et al., 1990). Octanoylation of an E. coli lipoyl domain ov-
erexpressed in a lipoic acid deficient mutant of E. coli has also
been observed (Al et al., 1990), but no mismodification of
the lipoyl domains of the native E. coli PDH complex could
be detected (Packman et al., 1991). These results are the first
report of an aberration in the posttranslational modification
of a recombinant protein and serve as a timely reminder of
the need to check as carefully as possible the product of a
foreign gene overexpressed in E. coli (or another host).

It is worth noting that the relevant enzymes of the E. coli
cell can evidently recognize the lipoyl domain from the B.
stearothermophilus PDH complex and correctly lipoylate it
(Dardel et al., 1990). On the other hand, a gene encoding the
E2 chain of the ox liver BCODH complex can be expressed
in E. coli but the product is not lipoylated, although it can be
by subsequent exposure to ox liver mitochondrial extracts
(Griffin et al., 1990). This indicates that the lipoylating en-
zymes can distinguish between lipoyl domains, an interesting
problem of molecular recognition in the field of posttransla-
tional modification that should repay further study. In ad-
dition, all three lipoyl domains of the native E. coli E2p chain
are fully lipoylated (Packman et al., 1991). This observation
is in marked contrast with reports from many laboratories that
a maximum of approximately two lipoyl groups can be re-
ductively acetylated per E2p chain in the E. coli PDH complex
[reviewed by Packman et al. (1984a)] and suggests that
previous results have suffered from systematic errors in esti-
mating the extent of reductive acetylation.

The availability of large amounts of the B. stearothermo-
philus lipoyl domain as the product of an overexpressed gene
in E. coli has made it possible to tackle the structure of the
domain by NMR spectroscopy. The 400-MHz 'H NMR
spectra of the lipoylated and unlipoylated forms of the domain
are essentially identical, apart from resonances attributable
to the protons of the lipoyl group (Dardel et al., 1990). Thus,
there is no little or no conformational change in the protein
as the result of the posttranslational modification. The key
to the facilitation of the reductive acylation of the dithiolane
ring (see above) must therefore lie in the structure of the lipoyl
domain and its interaction with the E1 component. The
secondary structure of the lipoyl domain from the B. stear-
othermophilus PDH complex (Dardel et al., 1991) is shown
in Figure 5. The domain is formed chiefly from two large
regions of antiparallel 8-sheet, with the N- and C-terminal
ends of the folded chain close in space in one of them. The
lipoyllysine residue is prominently displayed in the other, on
the only sharp turn in the structure. Thus it is easy to see,
at least in principle, how the lipoyl domain might present the
exposed lipoyllysine residue to the active site of the E1 com-
ponent. Full and detailed structures of this domain and of a
similar lipoyl domain from the E. coli PDH complex (F.
Dardel, J. D. F. Green, E. D. Laue, and R. N. Perham, un-
published work) are nearing completion, which will allow this
aspect of the complex mechanism to be explored directly.

FLEXIBLE LINKERS IN THE E2 POLYPEPTIDE CHAINS

With the observation that the E2 chains in these enzyme
complexes are highly susceptible to proteolysis and the rec-
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FIGURE 5: Secondary structure of the lipoyl domain of the E2 chain of the PDH complex of B. stearothermophilus. NOESY connectivities
used to establish the positions of 8-strands are indicated by double-headed arrows. The numbers on the lines connecting the S-sheets indicate
the number of amino acids in the connecting segments of polypeptide chain.

ognition that proteolytic cleavage sites are generally located
in exposed and disordered segments of polypeptide came the
suggestion that the E2 chains embody flexible regions that link
the lipoyl domains to the rest of the enzyme complex (Bleile
et al., 1979; Hale & Perham, 1979). It was envisaged further
that this might contribute to the mechanism of active-site
coupling. The best and most direct evidence in favor of this
has come from NMR spectroscopy.

For a protein complex with an M, of (5-10) X 105, the
calculated line width of a methylene proton resonance is about
8 kHz. However, in the "H NMR spectra of all 2-oxo acid
dehydrogenase complexes studied thus far, there exists a family
of surprisingly sharp resonances (line width about 30-50 Hz),
implying that some regions of the polypeptide chains enjoy
substantial conformational flexibility with respect to the bulk
of the structure. A combination of limited proteolysis, electron
microscopy, and NMR spectroscopy pointed to these regions
being part of the E2 chains and likely to be the interdomain
segments of polypeptide chain in particular (Perham et al.,
1981; Perham & Roberts, 1981; Duckworth et al., 1982;
Packman et al., 1984a,b; Spencer et al., 1984). Unequivocal
identification has been provided by the alliance of NMR
spectroscopy with protein engineering. Up to two lipoyl do-
mains have been deleted from the E2 chain of the E. coli PDH
complex (Figure 4) and a nested set of deletions has been
constructed (Miles et al., 1988) in the long 32-residue (alanine
+ proline)-rich region that joins the residual lipoyl domain
to the E3-binding domain (Figure 6). In the 400-MHz 'H
NMR spectra of the pGS110- anu pGS156-encoded PDH
complexes, there were appropriate falls in the intensities of

QMPMPAKOEMPRPAAMERPRMPMKR-A.EW_ pGS110

Qﬂn?hmammpm?mw

E3- Acetyltransferase,
binding  El-binding and
Lipoyl domain and linker domain inner-core domain

FIGURE 6: Nested deletions in an interdomain linker. The starting
protein is the E. coli E2 chain with only one lipoyl domain (see Figure
4). *, lipoyllysine residue; |, site of the Q291H mutation.

the sharp resonances (Radford et al., 1987).

More direct still, a histidine residue was introduced in place
of GIn-291 [original numbering (Stephens et al., 1983)] in the
E2p chain of the pGS110-encoded complex (Figure 6) and two
sharp signals were observed in the aromatic region of the 'H
NMR spectrum of the mutated complex (Texter et al., 1988).
The interdomain segments of the native E. coli E2p chain lack
aromatic amino acid residues and hence contribute no sharp
resonances to that part of the '"H NMR spectrum. The
chemical shifts of the two new signals are characteristic of the
C2 and C4 protons of a histidine residue and were lost when
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FIGURE 7: 'H NMR spectra (400 MHz) of genetically engineered
E. coli PDH complexes. (a) Aromatic region. pGS110-encoded, one
lipoyl domain per E2 chain (see Figure 6); pGS178-encoded, as
pGS110 but carrying the Q291H mutation (see Figure 6). Tryptic
cleavage occurs at Lys-316 (Figure 2); Elp and E3 remain bound.
(b) Titration curves of His-291 in the E2p chain of the pGS178-
encoded complex and of a histidine residue in a 32-residue synthetic
peptide whose sequence was identical with that of the interdomain
segment. A and A, C2 and C4 protons, respectively, of His-291 in
the E2p chain of pGS178-encoded complex; ® and O, C2 and C4
protons, respectively, of the histidine residue in the synthetic peptide.

the enzyme complex was subjected to limited proteolysis to
remove the lipoyl domain and linker (Figure 7). Moreover,
the pK, (6.4) of the introduced histidine residue (Texter et
al., 1988) is identical with that of a histidine residue at the
same position in a 32-residue synthetic peptide designed to
mimic the interdomain segment (Radford et al., 1989a), as
judged by the pH dependence of the C2 and C4 proton res-
onances in their respective NMR spectra. It is a tribute to
the sensitivity and resolving power of modern NMR spec-
trometers, and unequivocal proof of the conformational flex-
ibility of the interdomain segment of polypeptide chain, that
a single histidine residue can be detected in a protomer of 200
kDa in a complex of M, approximately 4 X 106. It opens up
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new approaches to the study of conformational flexibility in
proteins.

Limited proteolysis of the 20GDH complex of E. coli with
trypsin cleaves the E20 chain at Arg-100 (Packman & Per-
ham, 1987), but loss of the lipoyl domain together with an
appreciable part of the linker region that attaches it to the
E3-binding domain (Figure 2) is not accompanied by a cor-
responding fall in the sharp resonances in the 'H NMR
spectrum (Perham & Roberts, 1981). These resonances are
dominated by signals whose chemical shift (1.39 ppm) suggests
that they derive from the methyl protons of alanine (or
threonine) residues, as with the PDH complex. Since the
interdomain segment that links the E3-binding domain to the
inner-core (acyltransferase) domain in the E20 chain is rich
in alanine and proline residues (Figure 2), it is conceivable
that this segment of polypeptide chain enjoys substantial
conformational flexibility in the 20GDH complex. On the
other hand, insertion of a histidine residue into the corre-
sponding region of the E2p chain of the PDH complex, as
described above for the lipoyl domain linker, has failed to
disclose any accompanying sharp signals in the aromatic region
of the 'H NMR spectrum (N. Allison, J. D. F. Green, J. R.
Guest, and R. N. Perham, unpublished work). However, this
segment of the E2p chain is less conspicuous in its content of
alanine and proline residues (Figure 2) and is not easily cleaved
with proteinases (Packman & Perham, 1987; Radford et al.,
1987). Thus it may be less exposed and more constrained than
its counterpart in the E. coli E20 chain. Likewise, the results
of limited proteolysis (Packman et al,, 1988) and NMR
spectroscopy (Duckworth et al., 1982; Packman et al., 1984b)
are consistent with, but do not prove, conformational flexibility
in the region of polypeptide chain that links the peripheral
subunit-binding domain to the inner-core domain in the E2
chain of the PDH complex of B. stearothermophilus. Further
work needs to be done here; there may be significant differ-
ences between different 2-oxo acid dehydrogenase complexes
in this regard.

More information about conformational flexibility in the
interdomain segments of polypeptide chain has come from a
study of synthetic peptides (Radford et al., 1989a). The
400-MHz 'H NMR spectra of the E. coli PDH complex and
of a 32-residue synthetic peptide with an amino acid sequence
identical with that of the segment of E2p chain that links the
inner lipoyl domain to the E3-binding domain (Figures 2 and
4) are remarkably similar (Figure 8). Given the huge dis-
parity in the size (Ms of ca 4.5 X 10% and 2800, respectively),
this not only helps confirm the identity of the conformationally
flexible regions in the PDH complex but also emphasizes the
considerable freedom to move that they must enjoy with re-
spect to the bulk structure of the complex. The CD spectrum
of the peptide indicates that it is essentially unfolded in aqueous
solution but a more detailed analysis of the 'H and 3C NMR
spectra reveals that significant structural constraints are op-
erating; in particular, all six Ala—Pro bonds in the peptide exist
(>95%) in the trans form, compared with the 80% or so ex-
pected of a random coil. The trans configuration is retained
in the interdomain segment in the assembled PDH complex
(Radford et al., 1989a). This limits the flexibility around the
Ala—Pro bond, stiffening and elongating the structure of the
peptide. Similar results have been obtained for synthetic
peptides representing the two other interlipoyl domain seg-
ments in the E. coli PDH complex (J. D. F. Green, E. D. Laue,
R. N. Perham, S. R. Martin, and E. Appella, unpublished
work). These structural constraints may restrict the movement
of the lipoyl domains and it is not inconceivable that they are



8508 Biochemistry, Vol. 30, No. 35, 1991

EDTA

2
& {pom}

Peptide sequence: AAPAAPAKQEAAAPAPAAKAEPAAAPAAKA

FIGURE 8: 'H NMR spectra (400 MHz) of wild-type E. coli PDH
complex and a 32-residue synthetic peptide. The amino acid sequence
of the peptide was identical with that linking the innermost lipoyl
domain to the E3-binding domain in the E2p chain (see Figures 2
and 6). TSP, 3-(trimethylsilyl)-2,2,3,3-tetradeuteriopropionic acid.

the result of evolutionary pressures to optimize interactions
between the three active sites in the enzyme complex.

The interdomain segments from other 2-oxo acid de-
hydrogenase multienzyme complexes all share a family re-
semblance, but they exhibit a wide spectrum of sequences,
ranging from those dominated by alanine and proline residues
- to others more obviously hydrophilic and charged, as detailed
by Perham and Packman (1989). Some, like those of B.
stearothermophilus E2p, are combinations of the two types
(Packman et al., 1988). Aromatic residues are conspicuously
rare. Amino acid sequences of this kind are increasingly being
found in a wide range of proteins, where they appear to
function as interdomain segments or pendant extensions to
more tightly folded domains [Radford et al. (1989a) and
references therein]. Conformational calculations on the
(Ala-Pro) repeat at the N-terminus of the rabbit myaosin light
chains are consistent with it adopting a semiextended structure
as part of a flexible antenna region (Abillon et al., 1990). In
all cases such segments can be envisaged as conformationally
flexible structures that have the potentially beneficial property
of keeping domains apart as well as allowing them to move
in pursuit of essential interactions with other proteins, mem-
branes, or nucleic acids (Radford et al., 1989a).

ACTIVE SITES OF THE El1, E2, AND E3 COMPONENTS

It is not the purpose of this review to discuss the detailed
chemical mechanism of each component enzyme. Indeed, such
discussion is hampered still by the lack of three-dimensional
structures for the E1 and E2 components, but information is
beginning to emerge about domains and motifs that house the
active sites and this warrants inclusion. However, the E3
component is a member of the growing band of flavoprotein
disulfide oxidoreductases, about which much is known
(Williams, 1976; Carothers et al., 1989; Roche & Patel, 1989;
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Curti et al., 1991), including X-ray crystallographic structures
for the yeast (Takenaka et al., 1988) and A. vinelandii
(Schierbeek et al., 1989) dihydrolipoamide dehydrogenases.
All these enzymes are homodimers (subunit A, approximately
50000), with a mechanism that involves the concerted par-
ticipation of the enzyme-bound FAD and an intrachain di-
sulfide bridge that undergoes alternate reduction and oxidation.

As outlined above, a single E3 gene (/pd) is generally able
to fulfill the need for an E3 component in different 2-oxo acid
dehydrogenase complexes, but in Ps. putida three Ipd genes
have been identified (Burns et al., 1989). A second di-
hydrolipoamide dehydrogenase has also been reported for E.
coli, where it is suggested that it may be involved with lipoic
acid in the binding protein dependent transport of ribose,
galactose, and maltose (Richarme, 1989). To add to this,
dihydrolipoamide dehydrogenase has been detected in halo-
philic and thermophilic archaebacteria and in the bloodstream
form of the eukaryote Trypanosoma brucei, none of which
possesses a 2-oxo acid dehydrogenase complex (Danson, 1988).
In T. brucei at least, the enzyme is associated with the plasma
membrane (Jackman et al., 1990). This promises to be an
interesting line of inquiry for the future.

Little is known about the active site of the E1 component,
though much is known in general about the chemistry of
ThDP-dependent reactions (Sable & Gubler, 1982). 2-
Acetyl-ThDP has been detected in the active site of the E1
component of the E. coli PDH complex, but it is not known
whether reductive acetylation of the lipoyl group compulsorily
follows pathway B in Scheme I (Gruys et al., 1989). Apart
from exercising stereospecificity for the R-enantiomer of lipoic
acid (Yang & Frey, 1989), the E. coli Elp is thought to
produce 8-S-acetyldihydrolipoamide as its initial product; this
can be followed by intramolecular acetyl transfer to produce
an equilibrium mixture of S8 and S®-isomers, though this
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FIGURE 9: Putative ThDP-binding motif in ThDP-utilizing enzymes.
The enzymes from which the sequences are taken are listed in Hawkins
et al. (1989). Rcrefp, an unidentified open reading frame adjacent
to the genes encoding the photosynthetic reaction center proteins in
Rhodobacter capsulata. The secondary structure prediction is shown
beneath the sequences.

cannot be part of the normal catalytic process since the
isomerization rate constant (0.045 s™! at pH 6.5) is so much
smaller than the turnover number (1.6 X 10%s™) of the enzyme
(Yang & Frey, 1986).

An important clue to the location of the active site of El
has emerged from a comparison of the primary structures of
ThDP-binding enzymes (Hawkins et al., 1989). A surprising
feature of the amino acid sequences of the Elp and Elo chains
of E. coli was their lack of similarity to each other or to the
Ela or E18 chains of the BCODH or eukaryotic PDH com-
plexes (Guest et al., 1989; Patel & Roche, 1990). However,
there is a conserved sequence motif of about 30 amino acid
residues, beginning with the sequence -GDG- and ending with
the sequence -NN- (Figure 9), in all ThDP-utilizing enzymes
irrespective of their lack of sequence homology otherwise,
which secondary structure predictions suggest will adopt a Sa8
fold (Hawkins et al., 1989). It is tempting to suppose that
this may be a common motif related to binding ThDP. In
keeping with this, the motif occurs in the Ela subunits of 2-oxo
acid dehydrogenase complexes, the subunit associated on other
grounds (Stepp & Reed, 1985) with the decarboxylation step,
whereas the E13 subunit may be more closely implicated in
the subsequent reductive acylation (Scheme I) of the incoming
dithiolane ring of the lipoyl group. Further alignments of Ela
and E18 primary structures have indicated additional con-
served sequences, one in Ela that may be involved in inter-
action with E18, one in E13 that may be involved in the
binding to E2, and others with no obvious function as yet
(Wexler et al., 1991).

Another common sequence motif, -HXXXDG-, this time
in the E2 chains, has led to speculation that it may form part
of the acyltransferase active site. It is known to be critically
involved in the active site of chloramphenicol acetyltransferase,
an enzyme to which the acyltransferase domains of E2 chains
appear to show remote but significant similarity, suggesting
that the histidine side chain acts to promote the nucleophilic
attack of coenzyme A on 8-S-acyldihydrolipoamide (Guest,
1987). Such speculation is supported by the loss of acyl-
transferase activity that accompanies the replacement of this
histidine residue in E. coli E2p (Russell & Guest, 1990) or
the E2 of the ox BCODH complex (Griffin & Chuang, 1990),
although conflicting results have been reported for the cor-
responding mutagenesis of yeast E2p (Niu et al., 1990).
However, the case for a resemblance between the mechanisms
of E2 and chloramphenicol acetyltransferase has been
strengthened by the observation that mutagenesis of a serine
residue corresponding to one that stabilizes a tetrahedral
transition state in the latter enzyme leads to loss of activity
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by E. coli E2p (Russell & Guest, 1991b). The -HXXXDG-
motif reposes near the C-terminus of all E2 chains but is
lacking from the putative acetyltransferase domain (Figure
3) of the yeast protein X (Behal et al., 1989). This would
suggest that protein X, at least in yeast, is unable to catalyze
the acetyltransferase reaction.

MECHANISM OF ACTIVE-SITE COUPLING

The lipoyllysine swinging arm (Reed, 1974) has stood the
test of time as a basic component of the mechanism of ac-
tive-site coupling in the 2-oxo acid dehydrogenase multienzyme
complexes. Similar mechanisms have been invoked for other
multienzyme complexes that utilize biotin or pantethenic acid
as prosthetic group (Hammes, 1981). But it is clear that the
2-oxo0 acid dehydrogenase complexes have requirements over
and above the simple swinging arm. For example, the distance
between the active sites in the E. coli PDH complex has been
estimated from fluorescence energy transfer experiments to
be some 4.5 nm (Shepherd & Hammes, 1977; Hammes,
1981), substantially greater than the span (<3 nm) of a single
lipoyllysine side chain. Moreover, as described above, the lipoyl
group must be attached to a specific protein domain if it is
to function as a substrate.

When the PDH complex of E. coli (Stepp et al., 1981) or
mammals (Rahmatullah et al., 1990) is subjected to limited
proteolysis, about half of the lipoyl domains can be removed
without significant loss of overall catalytic activity. Similarly,
the lipoyl groups of the E. coli complex can be chemically
modified (Berman et al., 1981) or enzymically removed (Stepp
et al., 1981; Berman et al., 1981) more rapidly than complex
activity is lost. This is borne out by the protein engineering
experiments that demonstrated deletion or inactivation of lipoyl
domains without loss of complex activity (Figure 4). Thus,
what would conventionally be regarded as catalytically es-
sential intermediates can be excised or modified without effect.
This paradox has been resolved by noting that E1 catalyzes
the rate-determining step in the mechanism (Danson et al.,
1978; Cate et al., 1980) and then postulating that any function
of a lipoyl group that has been modified or excised can be taken
over by one that remains. This can be achieved physically by
several different lipoyl groups, i.e., domains, interacting with
a given E1 active site (Perham et al., 1981; Berman et al.,
1981; Stepp et al., 1981), to which can be added a system of
rapid intramolecular transacylation reactions that permits the
acyl group to be transferred between neighboring lipoyl do-
mains (Bates et al., 1977; Collins & Reed, 1977). In this way
too, reducing equivalents can be funneled into the E3 com-
ponent, which (see above) can be present in relatively few
copies per enzyme complex particle. A computer simulation
of the kinetics supports this unusual mechanism, termed
multiple random coupling (Hackert et al., 1983).

Such a mechanism clearly rests on the interdigitation of the
lipoyl domains between the peripheral E1 and E3 subunits and
the conformational flexibility in the interdomain segments of
the E2 polypeptide chains that permits these domains to link
the different and widely separated active sites. This has been
emphasized by the demonstration that F,, fragments of an-
tibodies raised against the interdomain segment that joins the
innermost lipoyl domain to the E3-binding domain in the E.
coli E2p chain inhibit the overall PDH complex activity (and
the formation of the acetyl-enzyme intermediate) without
effect on the individual part-reactions catalyzed by the El,
E2, or E3 components (Radford et al., 1989b). This is most
simply explained by the F,, fragments acting, like wedges, to
prevent the movement of the lipoyl domains necessary for
active-site coupling.
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The presence of protein X in the icosahedral eukaryotic
PDH complexes may also be important in this regard. Limited
proteolysis of protein X in mammalian PDH complexes leads
to a lower affinity of E3 for the core assembly (Gopalakrishnan
et al., 1989; Neagle et al., 1991), but removal of only the lipoyl
domain of protein X (Figure 3) can be achieved without loss
of catalytic activity (Neagle et al., 1991). Mutagenesis of the
yeast gene for protein X has indicated that it is not required
for the formation of the E2 core, that it is essential for the
binding of E3, and that the lipoyl domain can be deleted
without much effect, but that deletion of the putative pe-
ripheral subunit-binding domain leads to lowered affinity for
E3 and concomitant loss of overall PDH complex activity
(Lawson et al,, 1991). Given the few copies (about 6) of
protein X and of the E3 dimer in these complexes, it is likely
that protein X plays some important part in binding and
positioning E3 at specific sites on the E2 core (Lawson et al.,
1991). Tts lipoyl domain, though capable of becoming re-
ductively acetylated (Jilka et al., 1986; Hodgson et al., 1986),
is apparently superfluous, as are many of the lipoyl domains
in the E2 chains themselves.

CONCLUSION

The 2-0xo acid dehydrogenase complexes can be seen to
provide an elegant solution to the problem of catalyzing an
integrated set of biochemical reactions. The enhancement of
catalytic activity that accompanies attachment of the lipoyl
group to a protein domain and the mechanism of substrate
channeling conferred by the need to recognize that domain
are important manifestations of properties long inferred for
multienzyme complexes. Whether in addition there is any
component of the hot potato hypothesis involved remains to
be determined. The system of active-site coupling is uniquely
a property of a molecular assembly; the larger the number of
subunits in the E2 core, as with cubic point group symmetries,
the more opportunities there are for such effects (Danson et
al., 1978). These would be denied an identical number of E2
polypeptide chains used to form separate E1IE2E3 trimers.
Morgover, the complex is relieved of the necessity to assemble
with a strict stoichiometry of active sites in perfect geometrical
arrangement with respect to one another.

The key to all this obviously lies in the domain-and-linker
design of the E2 polypeptide chain, which enables it both to
assemble as the structural and catalytic core of the complex
and to have its lipoyl domains interdigitating flexibly between
the peripheral E1 and E3 subunits. Why there is a superfluity
of lipoyl domains remains a puzzle, and there is much still to
be learned about the structures of the individual domains and
of the peripheral subunits before a full understanding of the
complex and its mechanism of active-site coupling can be
claimed. But the 2-oxo acid dehydrogenase complexes con-
tinue to offer lessons about the design of multidomain, mul-
tisubunit systems with important applications in wider studies
of biomolecular assembly.

Registry No. 2-Oxo acid dehydrogenase, 9067-96-3.
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Exon Organization of the Human FKBP-12 Gene: Correlation with Structural and

Functional Protein Domains?
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ABSTRACT: FKBP-12, the major T-cell binding protein for the immunosuppressive agents FK506 and
rapamycin, catalyzes the interconversion of the cis and trans rotamers of the peptidyl—prolyl amide bond
of peptide and protein substrates. The function of rotamase activity in cells and the role of FKBP-12 in
immunoregulation is uncertain. In this paper we report the cloning and characterization of the human
chromosomal FKBP-12 gene and four processed FKBP-12 pseudogenes. The FKBP-12 gene is 24 kilobases
in length and contains five exons. The protein-coding region of the gene is divided into four exon modules
that correlate with the structural and functiofial domains of the protein. The novel structure of FKBP-12
resulting from the topology of the antiparallel 8-sheet is the topological crossing of two loops that are encoded
by separate exons. Separate exons also encode the antiparallel 8-sheet and a-helical region that define the
drug-binding pocket and enzyme activity site of FKBP-12. The exon organization of the FKBP-12 gene
also provided insight into the genetic evolution of the immunophilin family. Knowledge of the FKBP-12
gene structure will enable inactivation of this gene by homologous recombination in cells to provide a model

to study the role of FKBP-12 in immunoregulation and normal cellular processes.

Early events in T-lymphocyte activation result from the
stimulation of the T-cell receptor signal transmission pathway
by a specific antigen (Crabtree, 1989). Immunosuppressive
agents that specifically inhibit this pathway have been used
to prevent graft rejection of organ and bone marrow trans-
plants (Schreiber, 1991). FK506 and CsA are structurally
unrelated immunosuppressive drugs that block the T-cell re-
ceptor signal transmission pathway in T-cell activation by
inhibiting expression of the same set of lymphokine genes, such

*The nucleotide sequence in this paper has been submitted to GenBank
under Accession Number J05340.

as IL-2 (Tocci et al., 1989; Mattila et al., 1990; Emmel et al.,
1989). Although FK506 and CsA each inhibit T-cell acti-
vation by a similar mechanism, they bind to distinct and
abundant T-cell cytoplasmic receptors, termed immunophilins
(Schreiber, 1991). The CsA-binding protein is cyclophilin
(Handschumacher, 1984), while the major FK506-binding
protein in T cells is the 12-kDa cytosolic protein FKBP-12
(Harding et al., 1989; Siekierka et al., 1989; Fretz et al., 1991).
Rapamycin, an immunosuppressive agent structurally related
to FK506 (Schreiber, 1991), also specifically binds to FKB-
P-12 (Fretz et al., 1991) but inhibits a later stage of T-cell
activation by blocking the lymphokine receptor signal trans-
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