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Pattern formation and morphogenesis depend on the
careful execution of complex genetic programs,
which are conserved in multicellular organisms. An
important signal in some of these programs in
Drosophila and vertebrates is the secreted Hedgehog
(Hh) protein, which primarily functions as aninducer of
morphogenetic signals. The Hh signal plays a decisive
role in such critical developmental processes as neu-
rulation and somite and limb formation. The Hh sig-
nalling pathway exhibits a novel mechanism of signal
reception and transduction. In the absence of the Hh
signal, the membrane protein Patched (Ptc) represses
the constitutive signalling activity of a second mem-
brane protein, Smoothened (Smo), by virtue of its abi-
lity to form a Ptc-Smo complex. Hence, mutations with-
in the ptc gene that result in the failure of Ptc to inhibit
Smo lead to constitutive activity of the Hh signalling
pathway and to cancer, such as basal cell carcinoma.
For activation of Hh-target genes, the N-terminal sig-
nalling domain of Hh binds to the Ptc-Smo receptor
complex to activate two parallel signalling pathways.
Furthermore, Hh limits its own range of action by im-
peding its diffusion through (i) covalent linkage of its
N-terminal signalling moiety to cholesterol, mediated
by the cholesterol transferase activity of its C-terminal
moiety, and (ii) induction of, and sequestration by, its
antagonist, Ptc.

Key words: Constitutive signalling / Ligand-regulated
receptor repressor.

The Signalling Activities of the Hh Protein

The development of multicellular organisms is determined
by mechanisms that specify pattern formation, of which
signal transduction pathways are integral components.
One of these signalling pathways, which is conserved
from flies to man, involves the secreted gene products of
the hedgehog (hh) gene family. Mutations in these genes
not only disrupt Drosophila and mouse development but
also lead to disease in humans, such as holoprosence-

phaly, which is characterised by poorly developed brain
vesicles and severe facial abnormalities (Belloni et al.,
1996; Roessler et al., 1996).

In Drosophila, Hh is crucial in the establishment of em-
bryonic segments and their parasegmental boundaries. It
is expressed in posterior compartments and exerts its
function as a short-range signal by maintaining wingless
(wg) expression in adjacent anterior stripes of cells
(Hidalgo and Ingham, 1990; Ingham et al., 1991; Ingham
and Hidalgo, 1993). In imaginal discs, the anlagen of the
adult epidermal structures, Hh also locally induces the ex-
pression of secondary signals, Wg and the TGF-g family
member Decapentaplegic (Dpp) (Basler and Struhl, 1994;
Tabata and Kornberg, 1994; Heberlein et al., 1995; Zecca
etal., 1995), which function as morphogens required inthe
pattern formation of these structures (Nellen et al., 1996;
Zecca et al., 1996). In addition to its short-range function,
Hh is believed to have a long-range activity as observed
within the dorsal epidermis of the Drosophila embryo
(Heemskerk and DiNardo, 1994). Similarly, vertebrate Hh
homologues exhibit both short-range and long-range ac-
tivities in the patterning of tissues neighbouring the cells
that express these signals. For example, Sonic hedgehog
(Shh), a member of the vertebrate Hh protein family ex-
pressed in the chordamesodermal notochord, induces
floor-plate formation within the ectodermal neural tube
apparently in a contact-dependent manner (Marti et al.,
1995; Roelinketal., 1994; Tanabeet al., 1995). Yet, in other
cases, induction does not require cell contact. Thus, when
neural plate or presomitic mesoderm explants were grown
at adistance of many cell diameters from the Shh-express-
ing cells (Fan and Tessier-Lavigne, 1994; Martietal., 1995;
Roelink et al., 1995; Tanabe et al., 1995) or when con-
tact was prevented by a nucleopore filter between ex-
plants and Shh-expressing cells (Fan and Tessier-
Lavigne, 1994; Tanabe et al., 1995), induction of motor
neurons or the sclerotome did still occur. Although Shh
and different members of the vertebrate Hh protein family
have also been implicated in the patterning of other verte-
brate structures, e.g., the limb (Riddle et al., 1993; Chang
et al., 1994) and the eye (Ekker et al., 1995b), it remains
unknown if formation of these tissues are mediated by the
Hh proteins in a contact-dependent or -independent man-
ner. However, short- and long-range activities of Hh pro-
bably do not reflect fundamental differences between
contact-dependent and -independent signalling mecha-
nisms but simply differences in the response elicited by
high and low concentrations of the Hh signal (Roelink et
al., 1995; see below).
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Hh Signalling Acts through Two Parallel
Pathways

Since the correct reception or transmission of the Hh sig-
nal is a recurrent theme in animal development, molecular
dissection of the Hh pathway, which has been done exten-
sively in Drosophila, would allow insight into this process.
Transmission of the Hh signal depends on the smooth-
ened (smo) gene product, which encodes a putative mem-
brane protein (Alcedo et al., 1996). Moreover, the possibi-
lity that Smo has characteristics of G protein-coupled
receptors (Alcedo et al., 1996) is further supported by
the observation that the cyclic AMP-dependent protein
kinase (PKA) acts antagonistically downstream of the Hh
signal (Jiang and Struhl, 1995; Johnson et al., 1995;
Lepage et al., 1995; Li et al., 1995; Pan and Rubin, 1995;
Strutt et al., 1995). The smo gene has also been shown
to act upstream of PKA by genetic analysis (Chen and
Struhl, 1996; van den Heuvel and Ingham, 1996a), a result
suggesting that Smo may activate an inhibitory G protein
which inhibits adenylate cyclase and consequently PKA
(Figure 1; Alcedo et al., 1996).

Hh function is antagonised not only by PKA but also by
Patched (Ptc) (Ingham et al., 1991), a multiple-spanning
membrane protein (Hooper and Scott, 1989; Nakano et
al., 1989). Since Hh-target genes, such as dpp, wg, or ptc,
are expressed in pka™ cells in the absence of functional Hh
despite the presence of Ptc, PKA is epistatic to Ptc and
thus must act either downstream of and/or in parallel to
Ptc (Jiang and Struhl, 1995; Li et al., 1995). Evidence for
the second possibility has been obtained in elegant ex-
periments employing a PKA transgene whose product is
constitutively active (Jiang and Struhl, 1995; Li et al.,
1995). If Ptc acted exclusively through PKA, the level of
constitutively active PKA needed to inhibit the expression
of Hh-target genes in pka™ cells should be the same as that
in ptc” cells. However, compared to the levels required to
suppress the expression of Hh-target genes in pka™ cells,
only very high levels of constitutively active PKA can inhi-
bit the expression of the same genes in ptc™ cells (Li et al.,
1995). Therefore, Ptc can antagonise the Hh signal in a
PKA-independent pathway although it may also act
through PKA, as illustrated by the model in Figure 1. Ptc
seems to exert its inhibitory activity on the serine/threo-
nine kinase Fused (Fu) (Préat et al., 1990; Thérond et al.,
1996), whose function is required to activate the expres-
sion of Hh-target genes (Limbourg-Bouchon et al., 1991;
Forbes et al., 1993). In contrast, PKA does not appear to
act on Fu (Thérond et al., 1996) and, thus, the Ptc- and
PKA-dependent pathways of Hh signalling seem to con-
verge downstream of Fu. Moreover, the observation that
loss of PKA in the absence of the Hh signal activates Hh-
target genes regardless of Ptc concentration suggests
that the Ptc inhibition through Fu is not sufficient to inhibit
the Hh signalling pathway (Li et al., 1995). Conversely, only
unphysiologically high concentrations of constitutively
active PKA are able to repress Hh-target genes in the ab-
sence of Ptc (Li et al., 1995). This indicates that the inhibi-
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Fig.1 AModel of the Hh Signalling Pathway.

To activate its target genes, wg, dpp and ptc, the N-terminal sig-
nalling domain of Hh, Hh-N, binds to its antagonist Ptc, which is
complexed with Smo, to counteract the inhibition by Ptc of the
constitutive signalling activity of Smo and of the Fu-branch of the
signalling pathway. However, it remains unclear if the Ptc action
on Fuisindependent of or dependent on Smo asiillustrated by the
dottedlines. The left branch of the signalling pathway, namely that
Smo inhibits PKA through activation of a G; protein, which would
lead to a decrease in cCAMP levels, is inferred from the structural
homology of Smo to G protein-coupled receptors. Thus far, noex-
perimental evidence has been obtained for the proposed regula-
tion of PKA activity. PKA may inhibit the Hh signal through stimu-
lation of other antagonists of the pathway, Cos-2 or Su(fu), or
through direct or indirect repression of the function of the zinc-fin-
ger protein Ci. Ptc antagonises the Hh signal not only ina PKA-de-
pendentbut alsoin a parallel, PKA-independent pathway through
Fu. The two parallel pathways converge downstream of Fu,
whose activity is required to relieve the repression mediated by
Cos-2 and Su(fu) on Ci. Subsequently, Ci translocates into the
nucleus to exert its action on Hh-target genes.

tory action of PKA alone is also insufficient for repression
of the Hh signalling pathway. Hence, both the Ptc-de-
pendent and PKA-dependent pathways are required to
repress Hh target genes (Figure 1). Since it is unclear if Ptc
action on Fu is independent of Smo, the possibility also
exists that both pathways depend on Smo, i.e., Hh signal-
ling bifurcates downstream rather than upstream of Smo
(Figure 1).

It is not known on which downstream component PKA
acts. Through phosphorylation, it may destabilise factors
essential in the activation of Hh-target genes, such as the
zinc-finger transcription factor Cubitus interruptus (Ci)
(Hidalgo and Ingham, 1990; Orenic et al., 1990; Forbes



et al., 1993, Alexandre et al., 1996; van den Heuvel and
Ingham, 1996b). It is possible that the PKA-mediated inhi-
bition of Ci is alleviated by the activity of a phosphatase
that is activated by Smo (van den Heuvel and Ingham,
1996b). However, the mechanism proposed in Figure 1,
namely inhibition of PKA by Smo through its modulation of
cAMP levels via a G protein, is more economical because
it is the simplest model to account for the predicted struc-
tural characteristics of Smo (Alcedo etal., 1996). Recently,
it has also been proposed that PKA phosphorylates the
Drosophila homologue of the vertebrate transcription fac-
tor CREB2, which then binds to the Drosophila homologue
of the coactivator CBP (dCBP) and thereby limits the a-
mount of dCBP available for interaction with Ci to enhance
its function (Akimaru et al., 1997). On the other hand, in-
stead of inhibiting Ci, PKA function may stimulate other
antagonists of the Hh signal, such as Suppressor of fused
[Su(fu)] (Préat, 1992) and Costal-2 (Cos-2) (Forbes et al.,
1993; Préatetal., 1993).

The role of Su(fu) has been derived from the following
observations. The absence of a functional Su(fu) gene
product, a protein with a PEST sequence, has been shown
to resultin the suppression of the fu phenotype, i.e., Su(fu)
mutants can rescue the lethality of fu mutations (Préat,
1992; Pham et al., 1995). Furthermore, homozygous
Su(fu) mutants are viable and display a wild-type pheno-
type (Préat, 1992). Hence, the Su(fu) protein must inhibit a
component downstream of Fu and the alleviation of such
aninhibition must require the kinase activity of Fu, thereby
allowing expression of Hh-target genes (Figure 1). Another
component downstream of the Hh signal which is inhibi-
ted by Fu is the still unidentified gene product of cos-2,
which also represses the expression of Hh-target genes
(Forbes et al., 1993; Préat et al., 1993). Both Su(fu) and
Cos-2 may block the action of Ci (Forbes et al., 1993),
while activation of Fu by the Hh signal might stimulate Ci
function directly or indirectly (Figure 1; Forbes et al., 1993;
Motzny and Holmgren, 1995; Dominguez et al., 1996).
Whereas most of the components downstream of the Hh
signal transduction pathway are found conservedin verte-
brates (Concordet et al., 1996; Goodrich et al., 1996;
Hammerschmidt et al., 1996; Marigo et al., 1996a, c;
Stone et al., 1996; Vortkamp et al., 1996), vertebrate ho-
mologues of Fu or Su(fu) have not yet been identified.

The Hedgehog Signal Restricts Its
Own Range of Action

The Smo protein was postulated to be a possible receptor
for the Hh signal (Alcedo et al., 1996) because of its ho-
mology to the Drosophila Frizzled (Fz) receptor protein
(Vinsonetal., 1989) and its position in the Hh pathway. The
demonstration by Bhanot et al. (1996) that the Fz protein
and some of its close homologues bind the Wg protein and
thus activate the Wg signalling pathway raises the intri-
guing possibility that the Hh and Wg proteins may recog-
nise very similar receptors.
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Consistent with the hypothesis that a receptor must be
able to sequester its ligand, recent analysis in imaginal
discs of the effect of smo™ clones on Hh diffusion showed
thatits range is enhanced in the absence of Smo although
this effect appears to be indirect because it is compen-
sated by the simultaneous loss of PKA function (Chen and
Struhl, 1996). This led the authors to suggest that loss of
PKA would induce, even in the absence of Smo, a Hh-tar-
get gene whose product limits Hh diffusion. One of the Hh-
target genes shown to be activated upon loss of PKA ac-
tivity is ptc (Li et al., 1995), whose product, a membrane
protein, has been postulated previously to be the receptor
of the Hh protein (Ingham et al., 1991). Chen and Struhl
(1996) demonstrated that the absence of Ptc causes the
signal to spread further from its source, whereas upregu-
lating Ptc expression restricts its movement. Thus, itis Ptc
that sequesters the Hh signal in the absence of PKA and
Smo. Therefore, it appears that Ptc and not Smo is the Hh
receptor. However, the Hh signalling pathway is constitu-
tively active in the combined absence of Ptc and Hh
(Ingham et al., 1991) yet is completely dependent on Smo
(Hooper, 1994; Alcedo et al., 1996). Considering that both
Ptc and Smo are integral membrane proteins, the simplest
explanation for these observations is that transduction of
the Hh signalis mediated by a Ptc-Smo complex, in which
the constitutive signalling activity of Smo is inhibited by its
association with Ptc (Figures 1 and 2A; Alcedo et al.,
1996). Such ahypothesis is consistent with recent bioche-
mical data (Stoneetal., 1996). In vertebrates, Ptc and Smo
are coexpressed in many tissues and Ptc can form acom-
plex with Smo (Stone et al., 1996). In addition, Ptc (Marigo
etal., 1996b; Stone et al., 1996), but not Smo (Stone et al.,
1996), binds the N-terminal domain of Hh (Hh-N).

The various Hh proteins, one identified in Drosophila
(NUsslein-Volhard and Wieschaus, 1980; Lee et al., 1992;
Mohler and Vani, 1992; Tabata et al., 1992) and several in
vertebrates (Echelard et al.,, 1993; Krauss et al., 1993;
Riddleetal., 1993; Changetal., 1994; Roelink et al., 1994;
Ekker et al., 1995a, b), undergo not only signal peptide
cleavage but also a further autoproteolytic cleavage into a
19 kDa amino-terminal peptide (Hh-N) and a carboxy-ter-
minal peptide (Hh-C) that ranges in size from 26 to 28 kDa
(Lee et al., 1992, 1994; Chang et al., 1994; Ekker et al.,
1995b; Lai et al., 1995; Porter et al., 1995), the cleavage
being dependent on a conserved domain within their
C-termini (Lee et al., 1994; Porter et al., 1995). Whereas
Hh-C diffuses from the cell in which it was expressed, Hh-
N remains associated with the cell surface (Lee et al.,
1994; Fan et al., 1995; Porter et al., 1995; Roelink et al.,
1995). Based on the spatial distribution patterns of Hh-N
and Hh-C, the Hh-N fragment was postulated to mediate
the short-range signalling activity of the protein, while the
Hh-C fragment was thought to be the long-range signal
(Leeetal., 1994).

However, in Drosophila and vertebrates, Hh-C had no
signalling activity whereas Hh-N was sufficient to exert
both short- and long-range activities (Fan et al., 1995;
Fietz et al., 1995; Marti et al., 1995; Porter et al., 1995;
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Roelink et al., 1995). Surprisingly, ubiquitous expression
ofaHh-Norafull-length Hhtransgene gave essentially the
same dorsal and ventral cuticular defects in Drosophila as
those produced by localised expression of a Hh-N trans-
gene in cells that expressed the endogenous wild-type
full-length protein (Porter et al., 1996b). In contrast, the
same localised expression of an exogenous full-length Hh
protein generated dorsal and ventral cuticle similar to
wild-type (Porter et al., 1996b), a difference that may be
explained by the observation that Hh-N, translated from a
truncated Hh-coding region, is more freely diffusible than
Hh-N derived from a transcript that includes the entire
coding region (Roelink et al., 1995; Porter et al., 1996b).
Hence, the Hh-C moiety is required in restricting the spa-
tial distribution of the Hh-N signal within the extracellular
matrix, a requirement decisive for the proper execution of
the signal’s patterning function. Indeed, Porter et al.
(19964, b) showed that the association of Hh-N with the
cell surface requires the covalent attachment of the pep-
tide to a cholesterol moiety in the membrane, a reaction
catalysed by an intramolecular cholesterol transferase ac-
tivity of Hh-C.

Furthermore, only Hh-N has signalling activity whereas
mutant Hh that cannot undergo autoproteolytic cleavage
isinactive (Porteretal., 1996a). This implies that activation
requires cleavage and, as a consequence, the simulta-
neous transfer of the resulting Hh-N fragment to choles-
terol. There are two possibilities of how the signal could
reach cells that are notin contact with the cells that display
membrane-anchored Hh-N-cholesterol (Hh-N-ch) on
their surface: either

(i) the Hh-N-ch fragment must diffuse from the mem-
brane of the cell in which it is synthesised into the inter-
cellular space (Porter et al., 1996b) until captured by
Ptc on the surface of adjacent and more distant cells or

(i) Hh protein that has escaped autoproteolysis is se-
creted into the intercellular space, as it has been ob-
served in S2 cells (Porter et al., 1995).
In this second case, as Hh encounters its substrate cho-
lesterol on the surface of neighbouring and more distant
cells, immediate production of an active, cholesterol-linked
fragment will ensue that is capable of binding to Ptc pro-
tein present on these cells. The crucial aspect is that this
arrangement ensures that the range of signal is limited,
which is required for its morphogenetic action, a condition
that appears to be satisfied by the density of both Ptc and
cholesterol molecules on the surface of the target cells.

The remaining uncertainties concern the form in which
Hh is secreted, cleaved or uncleaved, the relative rates of
diffusion within the intercellular space of Hh-N-ch and Hh
and the affinity of Hh for cholesterol. Clearly, if the secreted
form is the lipophilic Hh-N-ch fragment, binding to the
membrane of target cells will be efficient and so will be
binding to Ptc within the same membrane. However, if pri-
marily hydrophilic Hh is secreted, its diffusion might not be
sufficiently restricted to prevent long-range signalling, es-

pecially if the rate of reaction with cholesterol on the sur-
face of the target cells is low. Indeed, the observation by
Chen and Struhl (1996) that, in the absence of Ptc, the sig-
nal diffuses over many cell diameters, would be consistent
with both of these assumptions, namely that primarily Hh
is secreted and its reaction with target cell cholesterolis in-
efficient. The question then arises why the long-range sig-
nalling described by Chen and Struhl (1996) is prevented
in the presence of Ptc despite the inefficiency of activation
by cholesterol. The only way out of this dilemma would be
to postulate that Hh itself binds to Ptc with an affinity that
is much greater than that of its binding to the substrate
cholesterol. Once retained in the membrane by Ptc, the
probability of Hh colliding with membrane-bound choles-
terol is greatly enhanced. This collision results in the ac-
tivation of Hh that would then trigger the signal transduc-
tion.

The novel feature of this model is that binding of Hh to
Ptc proceeds in two steps, a first, reversible binding that
does not result in signalling, followed by the cleavage-in-
duced allosteric transition of Hh-N-ch to a state that ac-
tivates the two parallel signalling pathways. These events
may be visualised to involve two sites on the extracellular
surface of Ptc, one site, the Hh-binding site, that binds Hh
untilit reacts with cholesterol and a second site, the Hh-N-
binding site, that binds the cleaved fragment Hh-N-ch to
trigger the signalling pathway.

This model that could explain the observed diffusion of
Hhin the absence of Ptc (Chen and Struhl, 1996) might not
be compelling if the secretion product of the Hh-express-
ing cells is exclusively Hh-N-ch. Yet, because of the high
affinity of cholesterol for membranes, diffusion over many
cell diameters under these conditions seems unlikely.

While the basis for the enhanced range of Hh-N diffu-
sion is the failure of its covalent linkage to the cell surface,
the diffusion range of uncleaved Hh would be increased
only when it fails to be bound by Ptc. Therefore, we would
expect that mutations of Ptc exist that do not impede Hh
diffusion but still repress the constitutive signalling of
Smo. This contrasts with ptc null mutants, which fail to in-
hibit both Hh diffusion and constitutive Smo signalling,
and with apparent nuil mutations of ptc that only impede
Hh diffusion (Chen and Struhl, 1996).

In summary, then, we conclude that Hh restricts its own
range of action via two novel mechanisms:

(i) Through the cholesterol transferase activity of Hh-C,
which covalently links Hh-N to cholesterol and thus in-
creases its affinity to the cell surface membrane (Porter
etal., 1996a, b); and

(ii) through the induction of its own antagonist, Ptc.

Furthermore, the antagonism by Ptc of the Hh signal fea-
tures two distinct aspects:

(i) Sequestration of Hh limiting its diffusion (Chen and
Struhl, 1996); and

(ii) inhibition of the constitutive signalling of Smo (Alcedo
etal., 1996).
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Fig.2 Analogy between the Mode of Reception and Transmission of the Hh Signal at the Cell Surface and the Mode of CAMP-Mediated

Regulation of PKA Activity within the Cytoplasm.

(A) Ptc maintains Smo in an inactive state within a Ptc-Smo complex in the absence of Hh. Upon binding of Hh-N to Ptc, Smo and Ptc un-
dergo conformational changes that alter their state of activity. In this process, Smo may remain associated with, or dissociate from, the
Ptc-Hh-N complex to assume an active state of signalling. In favor of the ‘dissociation’ model is the observation that constitutive signal-
ling occurs in the absence, and hence independently, of Ptc while the mode! shown here is favored by the observation that Hh-N can be
coimmunoprecipitated with a Ptc-Smo complex. (B) In the absence of cAMP, the regulatory subunits of PKA maintain its catalytic sub-
units in an inactive state. cCAMP binding to its regulatory subunits releases the catalytic subunits, which become active to phosphorylate

their substrates.

A Novel Mechanism of Signal Reception and
Transmission at the Cell Surface

Since the signalling moiety of Hh, Hh-N, binds only to Ptc
(Marigo et al., 1996b; Stone et al., 1996) and Ptc can bind
Smo, Ptc might be a ligand-regulated repressor of a con-
stitutively active signalling moiety, Smo, in amulti-compo-
nent receptor complex (Figure 2A; Alcedo et al., 1996;
Stoneetal., 1996). While such amechanismis new among
cell surface receptors, itis analogous to long-known cyto-
plasmic signalling complexes (Gill and Garren, 1971;
Brostrom et al., 1971), of which indeed an example, the
cAMP-dependent PKA, is encountered further down-
stream in the Hh-signalling pathway. The second messen-
ger cAMP binds to the regulatory subunits of PKA to in-
duce their dissociation from, and activation of, the
catalytic subunits (Figure 2B). In contrast to the induction
of PKA activity by cAMP, Smo may be activated by an allo-
steric transition without its dissociation from Ptc upon
binding of Hh-N to Ptc (Figure 2A). Aithough not illustrated
in Figure 2A, itis also conceivable that, in analogy to PKA,
binding of Hh-N to Ptc shifts the equilibrium between the
Ptc-Smo complex and its free components towards the
dissociated state. While this second mechanism is fa-
vored by the observation that constitutive Smo signalling
does not require Ptc (Hooper, 1994; Alcedo et al., 1996),
the first mechanism appears to be supported by the fact
that Hh-N can be coimmunoprecipitated with a Ptc-Smo
complex (Stone et al., 1996). If Ptc does not act through
Smo on Fu, a more prominent difference between the

regulation of cytoplasmic PKA and that of the Smo signal-
ling activity at the cell surface is that Ptc is more versatile
than the regulatory subunit of PKA: Ptc does not act only
on Smo but also regulates the signalling pathway parallel
to Smo that passes through Fu (Figure 1).

However, this model of Hh signal reception and trans-
mission appears to be inconsistent with the observation
that Drosophila embryos mutant for both hh and ptc have
aphenotypedifferent from embryoslacking only a function-
al Ptc protein (Bejsovec and Wieschaus, 1993). This find-
ing implies that Hh does not act through Ptc alone but also
through another receptor whose activity it modulates to
affect gene expression. For example, Hh might also bind
to Smo to further stimulate the signalling function of Smo.
Since Hh-N does not bind to Smo (Stone et al., 1996), Hh
might bind through its C-terminal portion to Smo. This C-
terminal portion of Hh might have signalling properties
that are undetectable in the absence of Hh-N (Fietz et al.,
1995; Porter et al., 1995). According to this model, inhibi-
tion of Ptc by Hh-N is necessary for the upregulation of
constitutive Smo activity by the C-terminal portion of Hh.
However, it is not necessary to invoke such a model if the
ptc alleles, used to compare ptc mutants with ptc hh dou-
ble mutants (Bejsovec and Wieschaus, 1993), generate
Ptc proteins that are not completely null in function. In this
case, a strong ptc allele producing a weakly functional Ptc
protein might still exert some inhibitory activity on both
pathways in the absence, but no longer in the presence, of
a functional Hh protein, and thus resemble a null allele in a
wild-type but not in a hh mutant background.
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Hh Primarily Functions as Short-Range Inducer
of Secondary Long-Range Signals

As both short- and long-range signalling of Hh are attri-
butable to Hh-N, which seems to remain predominantly
associated with the cell membrane, it is possible that Hh
primarily functions as a short-range inducer of secondary
long-range signals, like Dpp and Wg (Nellen et al., 1996;
Zecca et al., 1996), as had previously been proposed by
Basler and Struhl (1994). The Wg and Dpp signals have
been shown to have direct long-range activities because
only ectopic expression of the signals, and not the ligand-
independent ectopic activation of their downstream trans-
ducing components, resulted in nonautonomous repat-
terning (Nellen et al., 1996; Zecca et al., 1996). Therefore,
the long-range patterning activities of both these signals
are not mediated by the synthesis of secondary signals. In
contrast, nonautonomous repatterning can be induced by
either ectopic Hh expression or by the Hh-independent
ectopic activation of its downstream transducing compo-
nents because either event can induce secondary signals
(Jiang and Struhl, 1995; Lepage et al., 1995; Lietal., 1995;
Pan and Rubin, 1995; Chen and Struhl, 1996). Hence,
these observations are consistent with the hypothesis that
Hh mediates long-range patterning indirectly by its short-
range activation of secondary signals (Zecca et al., 1995;
Nellen et al., 1996). The long-range activity associated
with Hh in the dorsal patterning of the Drosophila epider-
mis (Heemskerk and DiNardo, 1994) may also be mediat-
ed by other long-range signals, like Wg or the gene prod-
uct of lines, which has not yet been identified, but not by
Dpp (Bokor and DiNardo, 1996). In addition, the long-
range activity of Hh observed in vertebrates during filter
barrier experiments does not exclude the possibility that a
secondary long-range signal is induced by Hh in an au-
tocrine manner in the Hh-expressing cells.

Since the Hh-induced long-range activities of Dpp and
Wg are also concentration-dependent, Dpp and Wg act as
morphogens (Nellenetal., 1996; Zeccaetal., 1996). Thus,
the short-range induction properties of Hh are crucial for
the generation of a morphogen source that is limited to a
narrow band of cells adjacent to a region of Hh-expressing
cells, which necessitated the evolution of the self-limiting
properties of Hh that depend on Ptc and Smo. In other
words, the strategy to specify a ‘one-dimensional’ mor-
phogen source relies on a two-step mechanism. First, two
adjacent and distinct areas are defined: the posterior
compartment expresses a signalling protein, Hh; the ante-
rior compartment another protein, Ptc. Subsequently, the
interaction between the two proteins at the border of the
two compartments limits the range of the signalling pro-
tein and thus defines a precise, ‘one-dimensional’ source
of the morphogen (Lawrence and Struhl, 1996).

Aberrant Hh Signal Transduction in Cancer

Not only mutations in the hh gene but also defects in the
reception or transmission of its signal can lead to disease

in humans. Most notably, mutations in the ptc gene have
been associated with the basal cell naevus syndrome
(BCNS), which is characterised by developmental abnor-
malities and cancer, such as basal cell carcinoma (BCC;
Hahn et al., 1996; Johnson et al., 1996). These mutations
may lead to constitutive activation of Smo since a mutant
Ptc protein, which is unable to bind to Smo, would fail to
block its activity (Stone et al., 1996). According to this
view, Ptc acts as a tumour suppressor by suppressing the
oncogenic activity of Smo. Furthermore, the transcription
factor Ci, which is required for the activation of Hh-target
genes, is the Drosophila homologue of the vertebrate fam-
ily of Gli zinc-finger proteins, one of which has been asso-
ciated with human glioblastomas due to its amplification
inthese tumours (Kinzler et al., 1988; Hidalgo and Ingham,
1990; Orenic et al., 1990; Forbes et al., 1993; Alexandre
et al., 1996; Marigo et al., 1996a; Vortkamp et al., 1996).
Thus, further elucidation of the Hh signalling pathway
should be of benefitin counteracting diseases arising from
its aberrant functions.
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Telomeres, the protein-DNA complexes that comprise
the ends of linear eukaryotic chromosomes, serve to
protect the chromosome ends and allow their com-
plete replication. Telomeres also appear to play an
essential role in chromosome segregation. Inmost or-
ganisms telomeric DNA consists of a series of short
repeats that are variable in length, but regulated at a
fixed average value in the germline. The possible in-
volvement of telomere repeat shortening in aging and
carcinogenesis has recently attracted attention to the
more basic question of how telomere length is sensed
and regulated by the cell. Telomere length in the bud-
dingyeast Saccharomyces cerevisiae has been known
for over a decade now to be under complex genetic
control, and this organism has provided a useful mod-
el system to address basic mechanistic questions.
This review focuses on recent studies in yeast which
indicate that the double-strand telomere-repeat bind-
ing protein Rap1 may play an important role in a nega-
tive-feedback mechanism that senses and controls
the length of the telomere repeats. Although the same
carboxy-terminal domain of Rap1p is involved in both
telomere length regulation and telomeric silencing
(telomere position effect), it appears that these two
functions are mediated by separate sets of Rap1p-
interacting proteins. Results from other systems sug-
gest that negative regulation of telomere elongation
by a double-stranded telomere-repeat binding protein
may be ahighly conserved strategy for telomere length
control.

Keywords: DNA-binding/ Length regulation/Rapip/
Rif proteins / Sir proteins / Telomerase / Telomere /
Transcriptional silencing / Taz1 / TRF1.

Introduction

The partitioning of eukaryotic genomes into multiple linear
chromosomes has clearly proven to be a successful strat-
egy for the faithful replication and segregation of DNA
required for cell division. However, the ends of chromo-
somes create at least two problems for the cell. First, DNA

polymerases are unable to completely replicate ends due
to the requirement for an RNA primer on the lagging strand
(Watson, 1972). In addition, free DNA ends could be sus-
ceptible to exonucleolytic degradation or to recombi-
nation reactions that would create unstable di-centric
chromosomes. Telomeres, the specialized protein-DNA
complexes that comprise the ends of linear chromosomes
have thus evolved to deal with these problems [reviewed
recently in (Lingner et al., 1995; Zakian, 1996)]. In addition,
itis now becoming clear that telomeres serve other func-
tions important for chromosome segregation. In yeast
telomeres have been shown to be essential for chromo-
some stability (Sandell and Zakian, 1993), and recent
studies in the ciliate Tetrahymena thermophila indicate a
specific role for telomeres in mitosis (Kirk et al., 1997).

In most eukaryotes, chromosomes terminate in many
copies of asimple repeat sequence [(T2AG3), in mammals).
The total length of these telomeric repeat tracts can vary in
different cells or tissues of an organism, but is centered
about a fixed, species-specific length in the germline.
Telomeric repeat sequences are generated by a special
reverse transcriptase, called telomerase, which carries its
own RNA template. Two types of observations have re-
cently created a considerable amount of interest in telo-
meres and the telomerase enzyme [reviewed in (De Lange,
1995; Harley and Villeponteau, 1995)]. First, as many or-
ganisms age the telomeres in their somatic cells gradually
shorten, apparently due to the absence of telomerase.
This process, which could eventually lead to cell death,
has been proposed to be a molecular clock that plays an
important role in determining an organism’s life span.
Many cancer cells, however, contain active telomerase
and appear to have stabilized telomere repeats. It has
been proposed, therefore, that telomerase re-activation is
an obligatory step in tumorigenesis that allows cancer
cells to divide without limit. Now that the gene encoding
the RNA template of a mouse telomerase enzyme has
been cloned (Blasco et al., 1995), it should be possible to
test these ideas rigorously. In the meantime, however,
these observations have focused attention on the impor-
tance of understanding the more basic question of how
cells sense and regulate the lengths of their telomeres,
which will be the subject of this short review. | will empha-
size very recent results, primarily from work on yeast; the
reader is referred to an excellent review for a more detailed
discussion of previous work on this problem (Greider,
1996).
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The Yeast Telomere DNA-Binding Protein Rap1:
A Negative Regulator of Telomere Elongation

The budding yeast Saccharomyces cerevisiae has proven
auseful model system to study telomere length regulation.
Telomeres in this yeast terminate in an irregular repeat
(usually abbreviated TG;-3) whose generation and mainte-
nance requires a telomerase enzyme (Singer and Gott-
schling, 1994). Although telomere repeat tracts vary in
length within a culture of yeast cells, they do so about an
average value that is characteristic of a given strain (~ 300
—-400 bp for most laboratory strains) and genetically deter-
mined (Lustig and Petes, 1986). Interestingly, a number of
genes have been identified which when mutated result in
either adecrease oranincreasein this average tractlength
[reviewed in (Zakian 1996)]. These studies have suggested
that regulation of telomere repeat length might have im-
portant consequences for the cell. For example, muta-
tions thatlead to elongated telomere tracts are often asso-
ciated with decreased fidelity of chromosome segregation
(Conradetal., 1990; Kyrion et al., 1992; Wotton and Shore,
1997). Furthermore, it has been shown that alterations
in telomere tract length can influence the expression of
genes elsewhere in the chromosome (Buck and Shore,
1995), by a mechanism that probably involves sequestra-
tion of silencing factors [the Sir proteins (Lustig et al.,
1996; Mailletet al., 1996; Marcand et al., 1996)]. The mod-
ulation of silencing throughout the genome by telomeres
might have a direct effect on cell life span in yeast, whichis
known to be controlled, at least in part, by the Sir silencing
factors (Kennedy et al., 1995).

The components of a yeast telomerase protein-RNA
complex, which are likely to play a central role in telomere
length regulation, are just now being identified and char-
acterized (Lendvayetal., 1996; Lingneretal., 1997; Singer
and Gottschling, 1994). Despite this fact, significant mo-
lecular insights into telomere length regulation have re-
sulted from the identification of a double-strand telomere
DNA-binding protein (Berman et al., 1986; Buchmanetal.,
1988a, b), the product of the essential RAP1 gene (Shore
and Nasmyth, 1987). In addition to its very high affinity
TG1-3 binding sites [which occur at a frequency of roughly
once per 18 bp in telomere repeat tracts; (Gilson et al.,
1993)], Rap1p also binds to a large number of promoter
elements and to mating-type gene silencers [reviewed in
(Shore, 1994)]. Genetic analysis has shown that Rap1p
can function either as an activator or repressor of tran-
scription, depending upon the context of its bindig site
(Kurtz and Shore, 1991). The telomeric role of Rap1p was
initially somewhat puzzling, until it was shown that telo-
meres themselves can exert a position-effect on tran-
scription with many of the same features as mating-type
gene silencing (Aparicio et al., 1991; Gottschling et al.,
1990).

Although it was also clear from other genetic studies
that Rap1p is involved in telomere length regulation, its
precise role in this process was difficult to infer from the
phenotypes of the first point mutations that were identi-

fied. For example, ts-lethal mutations in RAP1 cause re-
versible telomere shortening when grown at semi-permis-
sivetemperatures (Conradetal., 1990; Lustigetal., 1990),
whereas silencing-defective (rap 7°) mutants result in telo-
mere repeat tract elongation (Sussel and Shore, 1991). The
isolation of a set of intra-genic suppressors of arap 7' mu-
tant, the so-called rap7' mutants, helped to clarify this
situation (Kyrion et al., 1992). All of the rap 1 mutants lead
to carboxy-terminal truncations and result in essentially
unregulated telomere repeat tract elongation, as well as
decreased chromosome stability and a complete loss of
telomere position effect (TPE) (Kyrion et al., 1993). The
simplest interpretation of these results is that the carboxy-
terminal domain of Rap1p functions as both a negative
regulator of telomere elongation and of transcription.
This conclusion is consistent with earlier studies which
showed that the introduction of extra telomere repeat
sequences into yeast cells on plasmids causes the chro-
mosomal telomere repeats to elongate (Runge and Za-
kian, 1989), implying that a limiting factor which binds to
the TG,_3 repeats (either directly or indirectly) negatively
regulates their elongation.

A different approach, which utilized mutations in the
telomerase template RNA of the related yeast K. lactis, has
also lead to the conclusion that Rap1p is a negative regu-
lator of telomere elongation (Krauskopf and Blackburn,
1996; McEachern and Blackburn, 1995). In these experi-
ments, telomerase RNA mutations are introduced into
cells, which results in the gradual replacement of distal
telomere repeats with mutant repeats that are known from
in vitro experiments to weaken or abolish Rap1p binding.
These mutant template RNAs result in either a delayed or
rapid expansion of the telomere repeat tracts (depending
upon their Rap1p binding defect), indicating that strong
Rap1p binding is essential to prevent unregulated telo-
mere growth.

The two different lines of evidence indicating that
Rap1p is a negative regulator of telomere elongation are
summarized diagrammatically in Figure 1.

Rap1-Interacting Factors: Separate Roles in
Silencing and Telomere Length Regulation?

Subsequent studies pointed to the existence of proteins
which interact with the Rap1p carboxyl terminus to control
both telomere length and telomeric silencing. Overex-
pression of this domain of Rap1p in the absence of its
(centrally-located) DNA-binding domain leads to telomere
elongation (Conrad et al., 1990; Hardy, 1991), as well as a
loss of silencing (Hardy et al., 1992a). The first candidate
for such a protein, called Rifip (Rap1p-interacting fac-
tor 1) was identified in a two-hybrid screen employing the
Rap1p carboxyl terminus fused to the Gal4p DNA-binding
domain (Hardy et al., 1992b). Mutation of the RIF1 gene
results in modest telomere elongation (from 300 to 450 -
600 bp), as would be predicted for a protein that helps to
mediate the telomere length regulation function of Rap1p.
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Fig.1 Rap1pIsaNegative Regulator of Telomere Elongation.

Mutations that truncate the Rap1p carboxyl terminus (top) result in essentially uncontrolled telomere elongation (Kyrion et al., 1992).
Conversely, mutations in the telomerase RNA template that result in the incorporation of telomere repeat tracts to which Rap1p cannot
bind (bottom) also result in uncontrolled telomere growth (Krauskopf and Blackburn, 1996; McEachern and Blackburn, 1995). Wild-type
telomere-repeat Rap1p binding sites are indicated by pairs of filled arrowheads, mutant repeats by open arrowheads.

Telomeric Silencing

1 DNA Binding

Telomere Length
Regulation

Fig.2 Protein-Protein Interactions at the Rap1p Carboxyl Terminus Implicated in Telomeric Silencing and Telomere Length Regulation.
A linear representation of the Rap1 protein (827 amino acids) is shown, indicating the centrally-located Myb-like DNA-binding domain
(Konig etal., 1996) and the carboxy-terminal domain involved in TPE and telomere length regulation (approximately amino acids 667 -827

and 653-827, respectively; Buck and Shore, 1995 and S. Marcand and D. Shore, unpublished resuits).

Strikingly, rap 7° mutants, which display a similar telomere
elongation phenotype to rif1 mutants, encode a protein
that is defective in the Rif1p two-hybrid interaction. More
recently, a second such factor (Rif2p) has been identi-
fied (Wotton and Shore, 1997). Significantly, cells lacking
both Rif1p and Rif2p have extremely elongated telomeres
(~1-3kb) which are indistinguishable from those in
mutant cells (e.g. the rap1' mutant rap7-17) lacking the
Rap1p carboxyl terminus (Wotton and Shore, 1997).
Taken together, these data are consistent with a model in
which Rif1p and Rif2p (which also interact with each other
in the two-hybrid system) form a complex that is capable
of regulating telomere length when recruited to telomeres
by the Rap1p carboxyl terminus.

Although the Rap1p carboxyl terminus carries out both
telomeric silencing and telomere length regulatory func-
tions, it appears that these are mediated by different, and
in fact opposing sets of protein-protein interactions. The
Rap1p carboxyl terminus interacts with both Sir3p and
Sirdp (Cockell et al., 1995; Moretti et al., 1994), both of
which are required for TPE (Aparicioetal., 1991). However,

sir3 or sir4 mutations, unlike rif mutations, actually resultin
(slight) telomere shortening (Palladino et al., 1993), sug-
gesting that the wild-type function of these genes some-
how promotes telomere elongation. In addition, sir and
rif mutations have opposite effects on TPE: sir3 and sir4
mutants are completely defective in telomeric silencing
(Aparicio et al., 1991), whereas rif1 and rif2 mutations lead
toasynergisticincreasein TPE (Kyrion et al., 1993; Wotton
and Shore, 1997). Furthermore, targeting of either Sir3p or
Sirdp to a telomere (by fusing the proteins to a DNA bind-
ing domain) can restore silencing in cells carying muta-
tions in the Rap1p carboxyl terminus (Lustig et al., 1996;
Marcand et al., 1996), but fails to restore telomere length
regulation (Marcand et al., 1997). Finally, mutant alleles of
RAP1,the rap1° mutants, appear to separate the silencing
and telomere length regulatory functions of the carboxy-
terminal domain. Rap 7° mutants actually display improved
telomeric silencing compared to wild-type (Buck and
Shore, 1995), but, as pointed out above, these mutations
lead to a partial loss of telomere length regulation (Sussel
and Shore, 1991). The dual function of the Rap1p carboxyl
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terminus and the separate roles of the interacting com-
plexes of Sir and Rif proteins is indicated schematically in
Figure 2.

It should be pointed out that although there is now
ample direct evidence that Sir proteins are bound at telo-
meres (Hecht et al., 1995, 1996) through interactions with
both Rapip and histone H3 and H4 amino termini, this
issue has not yet been addressed with regard to the Rif
proteins. It is still possible that their action at telomeres is
indirect. In addition, although there is evidence that Sir2p
interacts with Sir4p (Moazed and Johnson, 1996; Moazed
etal., 1997) andis localized at telomeres (Strahl-Bolsinger
et al., 1997) where it is required for TPE, its role in telo-
mere length regulation in S. cerevisiae has not yet been
explored. Interestingly, mutation of a SIR2 homologue in
K. lactis has been reported to cause telomere elongation
in combination with a carboxy-terminal RAP1 mutation
(Krauskopf and Blackburn, 1996).

A Role for Rap1p in Sensing Telomere Length

The fact that telomeres in yeast (and many other organ-
isms) have a characteristic average length implies the ex-
istence of a mechanism that can sense telomere length
and use that information to regulate either the rate of elon-
gation, shortening, or both. Although this fundamental
aspect of telomere length regulation is far from being

clearly understood, recent studies suggest that the Rap1
protein might play a critical role in a mechanism that
senses telomere length (Marcand et al., 1997). Two lines of
evidence are consistent with the idea that Rap1p (and
specifically its carboxyl terminus) functions as part of a
simple negative-feedback mechanism to control telomere
length. To begin with, experiments in which telomeres are
generated de novo during yeast transformation and ho-
mologous recombination indicate that cellsregulate TG,_;
tract length irrespective of repeat orientation. This result
suggests that it is the amount of protein binding to the re-
peats (presumably Rap1p) rather than some other feature
of these sequences that is ‘counted’ and regulated to
center about a fixed value. A more direct demonstration of
this point comes from experiments in which additional
Rap1p carboxy termini are added near the proximal end of
a telomere (using Gal4 DNA-binding domain/Rap1p hy-
brid proteins). These artificially added Rap1p molecules
lead to aloss of TG1-3 sequences from the distal end of the
targeted telomere, such that the total number of Rap1p
carboxy termini at that telomere is kept constant.

These data suggest the outlines of a simple negative-
feedback model for telomere length regulation by Rap1p
(see Figure 3). The central feature of this model is the no-
tion that the Rap1p molecules bound at the chromosome
end can create a number-dependent molecular switch to
control telomere elongation. The basic proposition of this
model is that a threshold number of telomere repeats, and

Telomerase
complex

Telomerase
complex

Fig.3 Outline of a Negative-Feedback Model for Telomere Length Regulation by Rap1pin Yeast.

See text for discussion. The number (‘n’) of Rap1 molecules ‘counted’ may correspond to those proteins specifically bound by the
Rif1p/Rif2p complex (Marcand et al., 1997; Wotton and Shore, 1997). Conversely, those molecules interacting with Sir complexes, which
are implicated in the initiation of telomeric silencing over adjacent nucleosomes (to the left, not indicated in the figure) may be excluded

from the length regulation mechanism.

|



hence bound Rap1p molecules, will generate a signal that
blocks telomere elongation (presumably by directly or in-
directly regulating the telomerase enzyme). When this
number drops below the threshold value, due to incom-
plete replication in the absence of telomerase activity (or
to recombination or nucleolytic activities), the telomere
will then switch to an ‘active’ state in which the telomerase
can add TG,_3 repeats. This would then lead to increased
Rap1p binding and a switch back to the repressed state,
explaining the ability of the cell to regulate telomere length
within a relatively narrow window centered about a fixed
average value. This model might help to explain the explo-
sive telomere elongation seen when mutant telomere re-
peats areincorporated at telomere endsin K. lactis (Kraus-
kopf and Blackburn, 1996; McEachern and Blackburn,
1995). When a sufficient number of mutant repeats are ad-
ded such that Rap1p binding cannot reach the proposed
threshold level for telomerase repression, the resulting ab-
sence of negative feedback would be predicted to lead to
uncontrolled telomere elongation.

Presumably the Rif proteins play some role in the
‘counting’ process described above. One possibility,
which has yet to be tested, is that the Rif proteins directly
regulate telomerase, either through protein-protein inter-
actions with the catalytic subunit [Est2p; (Lingner et al.,
1997)] or associated factor(s). Several telomere end-bind-
ing proteins have recently been identified that might serve
as regulators of telomerase: Est1p (Virta-Pearlman et al.,
1996), Est4p/Cdc13p (Lin and Zakian, 1996; Nugent et
al., 1996), and the Est4p/Cdc13p-interacting protein Stn1
(Grandin et al., 1997). Although both EST4/CDC13 and
STNT1 are essential for viability and appear to be required
to prevent exonucleolytic degradation of telomeres, cer-
tain alleles of these genes lead to a telomere elongation
phenotype reminiscent of that seen in rif mutants (Grandin
et al., 1997). Both proteins are therefore excellent candi-
dates for factors that might negatively regulate telome-
rase, either by controlling its access to the telomere or its
activity when bound there. It will be important, then, to de-
termine first whether the Rif proteins arein fact localized at
telomeres, and if so whether they interact directly with any
of the known telomere end-binding proteins. Although
the negative feedback model described above provides a
satisfying explanation of the basic features of telomere
length regulation in yeast, it should be clear that the mo-
lecular details remain obscure. It may prove difficult to test
this model further until the various components of the sys-
tem (particularly the Rif and telomerase complexes) are
better characterized and can be studied in in vitro sys-
tems.

Finally, it should also be pointed out that telomere
length may be regulated at many different levels, and
alternative mechanisms of regulation to those outlined
above are not excluded. In fact, recent studies have
shown that extremely elongated telomeres (inherited from
arap1' mutant strain in a genetic cross) can be restored to
a normal length through a (RAD52-dependent) recombi-
national mechanism (Li and Lustig, 1996). In addition, the
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PIF1 gene, whose product is a DNA helicase that inhibits
telomere elongation, appears to regulate telomere length
by a mechanism that does not involve the Rap1p carboxyl
terminus (Schulz and Zakian, 1994).

A Conserved Role for Double-Strand Telomere-
Repeat Binding Proteins in Length Regulation

Quite strikingly, recent studies with the fission yeast S.
pombe and with human cells suggest that negative regu-
lation of telomere elongation by adouble-strand telomere-
repeat binding protein may be a highly conserved feature
of telomere biology. Several years ago de Lange and
colleagues reported the cloning and characterization of
a human telomere repeat [(T,AGg3),] binding protein which
they called TRF1 (Chong et al., 1995). This group has re-
cently reported two lines of evidence which suggest that
the amount of TRF1 protein bound at a telomere deter-
mines the repeat length (van Steensel and de Lange,
1997). Expression of adominant-negative mutant of TRF1
that reduces telomere binding in vivo results in telomere
elongation. Conversely, overexpression of the wild-type
protein leads to telomere shortening. These observations
are consistent with the idea that TRF1 is limiting in the cell
and that the amount of protein bound to a telomere can
serve as a length-dependent regulator of telomerase.
Therefore, although the details may differ considerably (to
begin with there is no evidence that Rap1p is limiting for
binding to telomeres in yeast) both systems may employ a
negative feedback mechanism that can sense the amount
of a particular protein bound to the telomeric repeats. It
should be noted that a cDNA encoding a possible second
TRF1-like human protein has been identified recently
(Bilaud et al., 1996). An interesting possibility, then, is that
this second protein competes with TRF1 for binding to
telomeres and thus contributes to a length regulation
mechanism acting at the level of DNA binding. Charac-
terization of this putative telomere-binding protein may
thus help to clarify some of the details of telomere length
regulation in human cells.

In Schizosaccharomyces pombe, the Taz1* gene en-
codes a double-stranded telomere-repeat protein, which
oddly enough is more similar in primary amino acid se-
quence to the human TRF1 than it is to its analog (Rap1p)
in budding yeast (Cooper et al., 1997). Nonetheless, dele-
tion of the Taz71* gene results in both a loss of TPE and
massive telomererepeat elongation, two phenotypes strik-
ingly similar to rap1' mutants in S. cerevisiae. It would ap-
pear, then, that both the silencing and telomere length reg-
ulatory functions of telomere repeat binding proteins are
conserved between fission and budding yeasts, despite
the absence of any strong similarity between these pro-
teins at the primary sequence level. It remains to be seen
whether the detailed mechanisms are conserved, since to
date there are no known homologues of either Sir or Rif
proteinsin S. pombe [with the possible exception of Sir2p,
which appears to be conserved from bacteria to humans
(Brachmannetal., 1995)).
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Perspectives

This brief review has focused on recent results, primarily
from the budding yeast S. cerevisiae, that provide some
new insights into the questions of how cells sense telo-
mere length, and how they might use this information to
control telomere replication. Although important princi-
ples and several new proteins implicated in these pro-
cesses have been identified in the past few years, our pic-
ture of the molecular mechanisms that control telomere
replication is still very fragmentary. This situation is almost
certain to change dramatically in the coming years, since
itis now clear that genetic studies (primarily, but not solely
in budding yeast) and biochemical advances in several dif-
ferent systems (Harrington et al., 1997; Lingner et al.,
1997; Nakayama et al., 1997) are beginning to converge
towards a picture of the telomerase enzyme and a prob-
able set of auxiliary or regulatory factors. It seems likely
that these proteins will constitute a target for other regula-
tory molecules, including those (such as Rap1p and the Rif
proteins) that are involved in telomere length control. The
identification of protein-protein interactions and a clear
demonstration of their in vivo relevance may provide im-
portant insights into the possible connection between
Rap1p (and related telomere-repeat binding proteins in
more complex eukaryotes) and telomerase. The develop-
ment of novel genetic screens to identify genes specifi-
cally involved in telomere length sensing and regulation
may also be critical. We may still be unaware of some im-
portant players in this process for the simple reason that
much of the work to date has been driven by studies of
either Rap1p or the telomerase enzyme. As the picture of
telomere-binding proteins and the telomerase enzyme
complex comes into focus in the next few years, it should
become possible to explore the mechanisms of telomere
replication and telomere length regulation biochemically.
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Transcription activationin prokaryotes relies on amul-
titude of molecular mechanisms. Many of them use
DNA bending or other deformations of the DNA to con-
trol the rate of transcription initiation. All steps of in-
itiation involve a particular transconformation reac-
tion of the DNA and can be controlled individually by
activators. This review discusses the thermodynamic
and kinetic basis of transcription initiation and illus-
trates the strategies used by activators. Particular
emphasis is given to mechanisms that necessitate
DNA-bending by the activator.

Introduction

An increasing number of transcriptional activators have
been studied in detail and they reveal a large spectrum of
different mechanisms used to control transcription. While
several recent reviews treat detailed structural and me-
chanistic aspects of transcriptional initiation and activa-
tion in prokaryotes, | will focus here on the role of the con-
formation of DNA in these processes. DNA is dynamically
manipulated during transcription and changes its confor-
mation at every step of the process. It is therefore not sur-
prising that proteins that affect DNA conformation can
have a profound influence on transcription. A survey of
prokaryotic transcriptional activators demonstrates that
most of them bend DNA (Perez Martin et al., 1994). This
review provides a discussion of some selected examples
of the influence of DNA conformation on transcription but
it is not intended to be an exhaustive summary of occasi-
ons where DNA bending plays an important role in tran-
scription initiation. Because a great amount of work
by many groups has been devoted to the issues discussed
in this review, the references cited can only be illustrative
examples among many. | beg indulgence from research-
ers who feel that important contributions have been
neglected.

The role of imposing a precise conformation on the
DNA, i.e. constraining its three-dimensional path, can be
explained in a straightforward manner for promoters re-
cognized by the o>*-containing holoenzyme Eo®* but is

much less evident for promoters specific for the more
abundant forms of RNA polymerase, such as the house-
keeping holoenzyme Ec. This difference arises from the
distinct mechanisms of transcription initiation at the two
types of promoters. Eo® is blocked at one particular step
of transcription initiation and needs an enhancer-like ac-
tivator protein to get past this ‘bottleneck’. The conforma-
tion of the DNA determines the local concentration of the
DNA-bound enhancer in the vicinity of Ec>* and thereby
profoundly affects the rate of transcription initiation (see
below). The molecular mechanisms of activators of Ec"®
promoters are more diverse, and any one of the steps of in-
itiation can be the target by the activator. In addition, these
activators very often bind immediately adjacent to the pro-
moter and DNA bending apparently does not function to
approach a far-away site on the DNA. Most of this review
is devoted to discussing possible functions of the geome-
try of DNA at such promoters.

Transcription Initiation

The isolated RNA polymerase holoenzyme is capable of
carrying out the entire transcription reaction, from initia-
tion to termination. No additional factors are required.
Even though the activity of RNA polymerase is modulated
by repressors or activators, there is no evidence to sug-
gest that the reaction pathway of transcription initiation is
altered by these regulators. Activators only accelerate, and
repressors slow down, particular steps of the reaction of
transcription initiation. In order to elucidate the molecular
mechanism of transcription regulation it is therefore nec-
essary to describe the structural and kinetic foundation of
transcription initiation. A recent review summarizes the
large number of experiments that have revealed molecular
details of this process for the Escherichia coli RNA poly-
merase (Record et al., 1996). For the sake of clarity un-
necessary details are omitted in the description that fol-
lows.

The Mechanism of Transcription Initiation

Transcription initiation can be divided into three distinct
phases based on structural as well as functional features:
(i) A bimolecular reaction where RNA polymerase binds
to the double-stranded promoter,
(i) isomerization of this ‘closed complex’ to the ‘open
complex’ where about 10 bases of single-stranded
DNA form the so-called transcription bubble, and
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(iii) formation of the first phosphodiester bonds and es-
cape of RNA polymerase from the promoter, freeing
the promoter for the binding of another holoenzyme
(Figure 1).

Additional reaction intermediates have been observed ex-

perimentally by adjusting solution conditions (salt con-

centrations, temperature, etc.) (Suh et al., 1993; Record et
al., 1996), but for simplicity we consider only one further
such subdivision (see below). The three-dimensional path
of the DNA plays arole at each step and | will discuss phy-
sical models that could explain the experimental data.

These structural and functional underpinnings are presen-

ted in the following paragraphs and concrete examples

are cited in the second part of this review.

Binding The only step of transcription initiation that de-
pends on the concentration of RNA polymerase is the in-

Binding

tac

Isomerization

R+P & RP. 2 RP, 2RP, > R,

Fig.1 Free Energy Diagrams of Transcription Initiation.

The free energy of reaction intermediates of transcription initia-
tion (shown at the bottom) are drawn for promoters limited at dif-
ferent steps of initiation. The rate-limiting step is indicated to the
right of each diagram. The solid line represents the non-activated
promoter, the stippled line the situation in the presence of a tran-
scriptional activator. The most populated complex during steady
state transcription is indicated by the circle. The top diagram cor-
responds to the situation at the lac promoter, where CRP favors
initial binding; the middle diagram is typical for a gal-type pro-
moter, where CRP accelerates isomerization; and the bottom dia-
gram represents the situation at the malT promoter, where CRP
stabilizes open forms of the promoter and thus accelerates pro-
moter escape.

itial binding to the promoter to form the closed complex
(RPg). Binding is fast, facilitated by sliding of RNA polyme-
rase along the DNA (von Hippel and Berg, 1989), and RP¢
is therefore usually in rapid equilibrium with free RNA poly-
merase. The binding constants measured in vitro are often
comprised between 108M™ and 108Mm™" but ‘exceptional
promoters’ extend this range by one order of magnitude in
either direction. An Escherichia coli cell contains around
2000 molecules of RNA polymerase (Ishihama, 1993) per
genome equivalent. Most of these molecules are engaged
in transcription or bound non-specifically to DNA and less
than 1% is thought to be free in solution (McClure, 1985).
The concentration of free holoenzyme within the cell is
therefore likely to be on the order of 10 nM to 50 nm. This
concentration has never been measured directly, but indi-
rect data are consistent with this estimation. In particular,
recent experimental results (Dove et al., 1997) prove that
transcription can be activated by recruitment of RNA poly-
merase to the promoter, implying a ‘low’ intracellular con-
centration of free RNA polymerase. Even though the pre-
cise concentration of RNA polymerase may depend on the
physiological state of the cell, variations are probably
small because RNA polymerase concentration is buffered
by autoregulation (Dykxhoorn et al., 1996) and non-spe-
cific binding to DNA.

Most repressors impede the first step of transcription
initiation by competing with RNA polymerase for overlap-
ping binding sites on the DNA (Schlax et al., 1995). This
type of control is purely thermodynamic. On the other
hand, any interactions that increase the affinity of RNA po-
lymerase for a weak promoter will lead to an activation of
transcription by increasing the saturation of the promoter
with RNA polymerase. For example, direct protein-protein
contacts with an activator or binding within a DNA-loop
stabilize RNA polymerase on the promoter (Figure 2).

The closed complex is characterized structurally by a
DNAsel footprint covering about 50 bp between positions
-5 and-55 (Schickor et al., 1990; Kovacic, 1987; Cowing
etal., 1989). The DNA remains double-stranded and RNA
polymerase covers one face of the helix. The extent of the
protected region exceeds the length of the putative DNA-
binding channel on RNA polymerase (Darst et al., 1989).
The DNA may therefore already be partially wrapped
around RNA polymerase (Zinkel and Crothers, 1991,
Perez Martin et al., 1994). Indeed, curved DNA upstream
of the promoter favors RNA polymerase binding (Lavigne
etal., 1992a; Perez Martin and Espinosa, 1994a). The ad-
ditional upstream contacts are formed by the a-subunits
of RNA polymerase (Ebright and Busby, 1995). Since the
a-subunits preferentially bind to AT-rich sequences, the
so-called UP-element (Rao et al., 1994) and since bent
DNA is formed by tracts of As, it is not clear whether im-
proved binding to bent sequences is due to stronger inter-
actions with the a-subunits or to a more favorable DNA
conformation or to both.

Isomerization After the initial binding to the promoter
RNA polymerase isomerizes to form an open complex



Fig.2 Structural Models for Different Roles of DNA-Bending in
Transcription Activation.

RNA polymerase is symbolized by the gray oval, the DNA is rep-
resented by the black line, the transcription start site is indicated
by a broken arrow, and the activator is shown as a striped rec-
tangle. (A) The activator bends DNA and increases the local con-
centration of an enhancer binding protein (triangle) in the vicinity
of RNA polymerase. (B) The activator binds close to the promoter
but is out of phase with respect to RNA polymerase. The right part
of the diagram is rotated by 90° and shows the view down the
DNA axis (black circle). In order to make a favorable contact with
RNA polymerase the DNA has to be twisted. (C) DNA-bending
serves to juxtapose interacting regions on the activator and RNA
polymerase. (D). Transcriptional activation is due to contacts be-
tween the far-upstream DNA and the back of RNA polymerase,
leading to opening of the transcription bubble.

(RPo) passing through at least two additional reaction in-
termediates (Craig et al., 1995). We only discuss the first
intermediate and refer to it as RP; (Buc and McClure,
1985). An alternative nomenclature calls it RP¢, (Record et
al., 1996) to emphasize the fact that the DNA remains
closed, as judged by cytosine reactivity with DMS (Duval-
Valentin and Ehrlich, 1987), but that the conformation of
the complex differs markedly from the initial closed com-
plex. In relaxed DNA the two recognition hexamers are
‘over-rotated’ by 68° (deHaseth and Helmann, 1995) and
simultaneous binding of RNA polymerase to both regions
may imply the generation of torsional strain. One attractive
model therefore proposes that the torsional strain within
the linker between the —10 and -35 hexamers provides
part of the energy needed for subsequent DNA-opening.
Even though the model is very reasonable and intellec-
tually appealing, experimental data that define the struc-
ture of the postulated kinetic intermediate are scarce and
circumstantial. The intermediate complex is almost exclu-
sively defined by two properties: the absence of an open
region and its rapid equilibration with RPo.

Irrespective of its precise structure, the formation of this
stressed intermediate, RP;, is the rate-limiting step at
many promoters (Record et al., 1996) and thus constitutes
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a preferred target for activators. Binding measurements
on topoisomers of minicircles are consistent with the un-
twisting model (see above); the data show that the rate-
limiting step in the formation of RNA polymerase-promoter
complexes has topologically unwound the DNA by about
one third of a helical turn (Su and McClure, 1994). Tran-
scriptional activators that accelerate the formation of RP;
may thus do so by assisting the untwisting of DNA. The
transition state could be stabilized by direct protein-pro-
tein contacts or by the formation of a DNA-loop, provided
that these interactions support the untwisting of the
spacer DNA (Figure 2). The DNAsel footprint of RP; covers
bases between +20 and -55 (Schickor et al., 1990), a re-
gion longer than the largest linear dimension of RNA poly-
merase (Darst et al., 1989). The DNA therefore has to be
wrapped around RNA polymerase as had been proposed
earlier (Bucetal., 1987). Atomic force microscopy (Rees et
al., 1993) confirms this assertion directly. The intermediate
complex isomerizes to the open complex where the DNA
strands are separated between bases -9 and +2
(deHaseth and Helmann, 1995). DNA-melting nucleates
within the —10 hexamer and proceeds towards the start
site of transcription (Chen and Helmann, 1997). The tran-
sition from RP; to RPg is usually rapid (Buc and McClure,
1985) but the equilibrium may be shifted by transcriptional
activators (Figure 1). Stabilization of RPg could increase
transcriptional initiation in cases where the subsequent
step, promoter escape, is rate-limiting (see below). The
structural characteristics that distinguish RPg from the
preceding intermediates are: the existence of a melted re-
gion of DNA and more extensive wrapping of DNA around
RNA polymerase (Record et al., 1996). Any influences,
such as activator proteins, that favor DNA-bending or
DNA melting could thus potentially activate transcription
at this step.

Escape Theultimate ‘goal’ of RNA polymerase is not to
tightly and efficiently bind the promoter, but, on the con-
trary, to leave the promoter as quickly as possible. This
dichotomy between strong binding and facile release im-
poses important constraints on the design of a promoter
and the mechanism of activators (see below). Eukaryotic
RNA polymerases have circumvented this problem by in-
corporating irreversible steps of energy expenditure into
the pathway of transcription activation. For example, the
C-terminal domain of RNA polymerase is phosphorylated
before or during promoter escape.

Promoter escape is a complex process. Starting with
RPo , short transcripts (< 12 nt) are produced in the pres-
ence of NTPs. Most of these transcripts are released in a
reaction termed abortive initiation. After transcript re-
lease, RNA polymerase reverts to the open complex con-
formation. During abortive initiation the RNA polymerase
remains bound to the promoter (Straney and Crothers,
1987; Krummel and Chamberlin, 1989; Carpousis and
Gralla, 1980). However, it can not be ruled out that a possi-
ble translocation of RNA polymerase during abortive cy-
cling has passed undetected by currently used methods,
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as was the case for analogous studies of transcription
elongation (Komissarova and Kashlev, 1997). Once RNA
polymerase has managed to synthesize a sufficiently long
transcript (8 to 12 nts) it escapes from the promoter,
" releasing the sigma subunit, and forms the very stable
elongation complex. Elongation is very processive and
ceases only when RNA polymerase encounters a tran-
scriptional terminator (von Hippel and Yager, 1992; von
Hippel et al., 1996).

The major structural change of the complex during pro-
moter escape is an enlargement of the transcription bub-
ble from ca. 10 nt in RPg, to the full 18 nt of an elongation
complex. (Yager and von Hippel, 1991). During promoter
escape, the early transcribed region has to be melted, and
contacts with the promoter or activator proteins have tobe
relinquished. It is therefore not surprising that the se-
quence of the early transcribed region modulates the rate
of promoter escape (Kammerer et al., 1986), and that a
polymerase that is very tightly anchored to the promoter
traverses this last step of initiation only very slowly (Ellinger
etal., 1994). Since additional base pairs have to be melted
it is expected that activators that assist DNA melting will
accelerate promoter escape.

Bending of DNA

DNA bending participates in different ways at all steps of
transcription initiation. This feature can be exploited by
activators that influence these different steps. Indeed,
most activators distort DNA upon binding (Perez Martin
et al., 1994). In general, DNA-bending serves to place a
particular segment of DNA, and/or proteins bound to this
DNA, into a precise spatial position with respect to RNA
polymerase. The resulting optimal juxtaposition of an ac-
tivating region with its target on RNA polymerase leads to
a stronger interaction because of the increased local con-
centration. Such concentration effects can attain consid-
erable magnitudes: the introduction of a 120° bend in the
center of a 150 bp fragment of DNA increases 500-fold the
local concentration of one end in the vicinity of the other
(Rippe et al., 1995). This example demonstrates the
importance of DNA conformation in the assembly of a
nucleoprotein complex, which will or will not form depend-
ing on the path of the DNA-scaffold. DNA-bending not
only increases the local concentration of, e.g. an up-
stream-bound activator, it also constrains the rotation of
the activator. The reduction of rotational entropy can fur-
ther increase the strength as well as the specificity of the
interaction with RNA polymerase. Modulating the confor-
mation of the DNA thus permits to dictate which interac-
tions will occur, and, as a consequence, whether tran-
scription will be activated or not.

Energetics of Transcription Initiation

Free energy diagrams (as the ones shown in Figure 1) are a
convenient way to visualize the kinetics of transcription in-
itiation. The stability (in terms of free energy) of a state is
proportional to the depth of the valleys. The rate of transi-

tion (reaction rate) from one state to an adjacent state
decreases exponentially with the height of the activation
barrier separating them (Fersht, 1977). The cyclic AMP re-
ceptor protein, CRP, is a useful example of a transcrip-
tional activator because itbends DNA and acts on all steps
of transcription initiation depending on the promoter con-
text. The diagram of figure 1, top represents approxi-
mately the situation at the well-characterized /ac promoter
(Busby and Buc, 1987). The largest free energy barrier,
corresponding to the slowest step of the reaction is the
isomerization to RP;. The activator, CRP, improves binding
of RNA polymerase. The initial situation is almost identical
at the galP1 (Figure 1 middle) or malT (Figure 1 bottom)
promoters, but now CRP accelerates isomerization or
promoter escape respectively (Lavigne et al., 1992;
Menendezet al., 1987).

Steady State Rate of Transcription Several barriers
have to be surmounted during initiation. The flow through
such alinear reaction scheme is essentially determined by
the highest activation barrier (the rate-limiting step) and
the concentration of substrates before that barrier. At both
the /ac and galP1 promoters isomerization towards the
open promoter complex is rate-limiting (Figure 1). In one
case the promoter is activated by stabilizing the substrate
of isomerization (RPg¢) in the other case the rate-limiting
step itself is accelerated. Even when a particular step is
accelerated, the overall reaction rate may remain un-
changed. Imagine that an activator accelerates promoter
escape at the lac or galP1 promoters. Because this step is
not rate-limiting the activator apparently has no effect. If
the same activator acted at the malT promoter (limited at
escape, Figure 1 bottom) transcription activation would
readily be observed. Conversely, adverse effects of an ac-
tivator may be hidden if they slow down a previously fast
reaction step. Promoter escape is fast at the galP7 and /ac
promoters. The activator makes direct contacts with RNA
polymerase (Niu et al., 1996; Zhou et al., 1994; Busby and
Ebright, 1994), contacts that have to be broken during pro-
moter escape. It appears thus plausible that the corre-
sponding energy barrier becomes higher (as indicated in
Figure 1). Slowing escape from these promoters does not,
however, modify the frequency of initiation because the
rate-limiting step remains isomerization. In summary, the
combination of all steps of the initiation reaction deter-
mines the frequency of transcription initiation. One step is
often rate-limiting, but the rate-determining step may
change in the presence of an activator.

Representative Experimental Systems

Eo®**-Activated Promoters

A special class of bacterial promoters are activated by en-
hancer-like proteins bound at distant locations onthe DNA
(Gralla, 1996; Gralla and Collado-Vides, 1996). All of these
promoters depend on alternative forms of RNA polyme-
rase, containing either the ** subunit (Gralla and Collado-



Vides, 1996) or proteins from the bacteriophage T4 (Brody
etal., 1995). Ea* forms a stable closed complex but is in-
capable of isomerizing to the open complex. In terms of
the free energy diagrams this corresponds to one large
energy barrier at isomerization, and negligible barriers at
all other steps of initiation. The activator protein dramati-
cally accelerates isomerization, much like CRP at the
galP1 promoter (Figure 1 middle). The similarity with the
galP1 promoter is only a formal one: activators of ¢**-de-
pendent promoters utilize ATP hydrolysis to open the
DNA, and the factor of acceleration of the isomerization
step is much greater than for activators of Eo™® promoters.
Because there is only one rate-determining step the for-
mal description of such systems is rather simple: no tran-
scription occurs in the absence of activator and transcrip-
tion proceeds at a maximal rate, intrinsic to the promoter,
when the activator binds its target on RNA polymerase,
the > subunit. The activity of the promoter is thus directly
proportional to the binding saturation of Ea®* with activa-
tor. The promoter is therefore regulated by adjusting the
local concentration of enhancer near the promoter. The
enhancer, bound upstream, approaches RNA polymerase
by looping of DNA (Figure 2A), and an activator can favor
such loop formation.

The glnHp2 and ginAp2 promoters require intrinsic or
induced bending of the DNA for activity (Brahms et al.,
1995; Carmona and Magasanik, 1996). In the natural situ-
ation a binding site for the integration host factor (IHF), a
histone-like DNA-bending protein (Rice et al., 1996), is lo-
cated between the promoter and the enhancer binding
sites (Claverie-Martin and Magasanik, 1991). The induced
DNA-bend brings the enhancer into the vicinity of RNA po-
lymerase. Activation persists when the enhancer binding
sites are moved further upstream as predicted by the
looping model. In this case, however, IHF inhibits tran-
scription (Claverie-Martin and Magasanik, 1991) because
the DNA bend now presents the wrong region of DNA, de-
void of enhancer binding sites, to RNA polymerase. This
exampleillustrates another important feature of transcrip-
tional regulation by rigidifying the DNA scaffold: this mode
of regulation provides amechanism for preventing unwan-
ted ‘cross-regulation’ by heterologous activators. For ex-
ample, IHF prevents promiscuous activation of the o>-de-
pendent Pu promoter by restricting access to the natural
activator, XyIR (Perez Martin and De Lorenzo, 1995). In
summary, at Eo>* promoters proteins that alter the confor-
mation of DNA act mainly by modifying the local concen-
tration of the enhancer binding protein in the vicinity of
RNA polymerase. These proteins take advantage of the
fact that DNA conformation is a very sensitive regulator of
this local concentration.

Activation by Direct Protein-Protein Interactions

Contrary to the Ec® promoters any of the steps of tran-
scriptional initiation can be the target of activation at Ec"°
promoters: binding is often not saturating given the intra-
cellular concentration of RNA polymerase, isomerization
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is rather slow, and in certain cases promoter escape can
become rate-limiting.

Activators that Overlap the Promoter The binding si-
tes of activators of Eo’® promoters are found immediately
upstream of, or overlapping with, the core promoter (Gralla
and Collado-Vides, 1996). Even though several systems
have been well characterized | willuse CRP toillustrate the
principle. At so called class Il promoters the CRP binding
site is centered around -40. The -35 hexamer is absent
and it is thought that contacts between CRP and RNA po-
lymerase compensate for the missing contacts between
RNA polymerase and the promoter. The mechanism of ac-
tivation is known in great detail (for a recent review see
Busby and Ebright, 1997). CRP directly interacts via two
different regions with at least two subunits of RNA poly-
merase. The contact between activating region 2 (AR2) of
CRP and the amino-terminal domain of the a-subunit of
RNA polymerase specifically increases the rate of isome-
rization to the open complex (Niu et al., 1996). As dis-
cussed above, the activation energy forisomerization may
in part be provided by the distortion of the spacer DNA.
CRP could stabilize this torsion. A possible molecular
mechanism is sketched in Figure 2B. RNA polymerase,
bound to the —10 hexamer, and CRP bound to its site cen-
tered at —41.5 are slightly out of phase. In order for AR2 to
reach its target on the a-subunit, CRP has to rotate clock-
wise (looking in the direction of transcription). This motion
leads to an untwisting of the spacer DNA, thus stabilizing
the transition state towards the open complex. This model
would naturally explain how CRP can exert a ‘long range
effect’ in the sense that the AR2-« interaction takes place
atalong distance from DNA or the active site of RNA poly-
merase (Busby and Ebright, 1997). This model predicts
that CRP should no longer activate transcription when its
binding site is rotated towards the RNA polymerase.
Indeed, deletion of one bp (leading to a 34° rotation) be-
tween the - 10region and the CRP binding site at the galP1
promoter, abolishes activation and even results in a slight
inhibition by CRP (Lavigne et al., 1992b).

DNA-bendingis important in this model only to ensure a
precise juxtaposition of the interaction regions on CRP
and a (Figure 2C). A second role for DNA-bending in this
situation is suggested from experiments where activation
of galP1 by CRP has been measured using fragments of
DNA that are truncated at different positions upstream
(Lavigne et al., 1992a). CRP can accelerate isomerization
only on a DNA fragment carrying at least 130 bp upstream
of the transcription start site. A possible explanation is
sketched in Figure 2B. Interactions between the far-up-
stream DNA and the ‘back’ of RNA polymerase could
stabilize the untwisting of the spacer DNA in the same way
as the direct protein-protein contacts. Since wrapping of
DNA around RNA polymerase is more extensive in the
open complex than in the closed complex, the same kind
of interactions (contacts between the far-upstream DNA
and the back of RNA polymerase) could favor initial bind-
ing (Kg) as well as isomerization (ky).
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DNA Bending Re-Positions a Proximal Activator The
two activators MalT and AraC bind to sites roughly equi-
valentin location to the CRP sites of class |l promoters, i.e.
overlapping the - 35 region of a classical promoter (Schleif,
1996). Their mechanism of action is based on direct pro-
tein-protein contacts with RNA polymerase, similar to the
ones described in the previous paragraph for CRP. In both
cases however, higher order nucleoprotein structures are
formed that dictate the local binding geometry near the
promoter. In the case of AraC a repression loop involving
an upstream operator site is formed in the uninduced
state. This repression loop prevents the correct posi-
tioning of AraC on the promoter proximal site and thus im-
pedes transcription activation (Schleif, 1996). CRP bind-
ing to a site within the loop bends the DNA in the opposite
direction and thus breaks the repression loop (Lobell and
Schleif, 1991). A similar mechanism operates at the malKp
promoter. Several binding sites for the transcriptional ac-
tivator MalT and three CRP binding sites are spread over a
271 bp region located between two divergently tran-
scribed promoters. The MalT proteins bound to their sites
form a higher order nucleoprotein structure, probabley via
protein-protein interactions. This structure is organized by
strategically placed DNA bends introduced by bound
CRP. Experiments that replace CRP by another DNA-
bending protein demonstrate that CRP plays a purely
structural role (Richet and Sogaard Andersen, 1994). The
establishment of the defined nucleoprotein complex leads
to the displacement of the promoter proximally bound
MalT proteins to alternative binding sites that are correctly
phased for an optimal interaction with RNA polymerase
(Richet et al., 1991). The DNA conformation plays the im-
portant role, in both cases, of organizing a higher order
structure. The formation of the structure is possible be-
cause of the increased local concentration of the constitu-
ents as a result of appropriate deformations of the DNA.

Indirect Transcriptional Activation

DNA Wrapping around RNA Polymerase Itis more dif-
ficult to imagine direct protein-protein contacts between
the activator and RNA polymerase when the activator
binding site is moved further upstream. The target of a
number of activators is the C-terminal domain (CTD) of the
a-subunit of RNA polymerase (Ebright and Busby, 1995).
This domain is attached to the rest of the protein via a flex-
ible linker of a least 13 amino-acids and could thus follow
the activatorto a certain extent (Blatteretal., 1994; Jeon et
al., 1997). Experiments using variants of the CRP-activa-
ted malT promoter show that transcription activation is
hardly diminished when the CRP-binding site is moved
from -60 to —80 (Dethiollaz et al., 1996). Footprinting ex-
periments using these same promoters show directly that
at least one of the a-subunits remains bound to the DNA
immediately upstream of the promoter (Eichenberger et
al., 1996). DNA upstream of the CRP binding site is neces-
sary for activation (Dethiollaz et al., 1996). We have there-
fore proposed that additional contacts between this far-
upstream DNA and the back of RNA polymerase (Fig-

ure 2D) are responsible for activation. UV-laser footprint-
ing signalsin the far-upstream DNA confirm interactions in
this region (Eichenberger et al., 1996). Such an extended
nucleoprotein structure is not unique to the malT pro-
moter, but had also been observed at the /ac promoter
(Buckleetal., 1992).

Kinetic UV-laser footprinting (Eichenberger, unpublish-
ed) demonstrates that these far-upstream contacts are
formed at a late stage of transcription, after formation of
RPo. MalT is an example of a promoter limited at escape
(Menendez et al., 1987). We therefore propose that these
far-upstream contacts accelerate promoter escape.
Indeed, CRP stabilizes open forms of the promoter com-
plex, including the open complex, but also the abortively
initiating complexes (Eichenberger, unpublished), as
shown in the free energy diagram of Figure 1C. The steady
state rate of transcription is increased by providing more
substrate (RPo) for the rate-limiting step (escape) without
directly affecting promoter escape. Similar interactions
are present at the /ac promoter (see above) but do not
function to activate transcription because a non rate-limit-
ing step is activated (see Figure 1A). Indeed, CRP is dis-
pensable after the formation of the open complex at lac
(Tagami and Aiba, 1995).

Other examples of indirect activation via bending of
DNA include promoters activated by IHF (Goosen and van
de Putte, 1995). One crucial hallmark that distinguishes
this indirect mode of activation from direct protein-protein
contacts is the orientation-dependence of activation: the
activating region of only one subunit of a dimeric activator
touches RNA polymerase (Zhou et al., 1994b). Inversion of
the subunits abolishes activation. IHF is a heterodimer
with only 25% identity between the subunits, making itun-
likely that an activation patch present on one subunit is
conserved on the other subunit. However, the bacterio-
phage Mu early promoter is activated by IHF in both orien-
tations (van Ulsen, 1997). Variants of the malT promoter
are also activated by IHF in a distance-independent (De-
thiollaz et al., 1996) and orientation-independent manner
(Engelhorn, unpublished). The simplest explanation of
these data invokes indirect activation via back side con-
tacts as shown in Figure 2D or by Goosen and van de Putte
(1995).

Structural Transmission The information to accelerate
transcription initiation could also be transmitted to RNA
polymerase via a conformational change of the DNA link-
ing the activator and the promoter. Evidence for such a
mode of activation has been obtained at the lac promoter
(Ryu et al., 1994). Introducing a short stretch of single-
stranded DNA between the CRP-binding site and the pro-
moter abolishes activation. Because the single-stranded
region increases the conformational entropy of the system
it is difficult to distinguish between an incorrectly positio-
ned activating region on CRP and structural transmission
via the DNA from these experiments. Direct demonstra-
tion of structural transmission of a DNA deformation was
obtained at the ilvGMEDA promoter (Parekh and Hatfield,
1996). Binding of IHF to a site upstream causes limited



base-pair opening in the =10 region of the promoterin vitro
on supercoiled templates. It had been shown previously
that the placement of a CRP-induced DNA bend fixes the
orientation of a closed circular DNA molecule (Lavigne et
al., 1994). The positioning of the — 10 region at the inside or
the outside of a superhelical structure may affect its pro-
pensity to base-pair opening. Distortion of the DNA at a
site far upstream may thus be transmitted to the promoter
via the intervening DNA. DNA-bending in such a model
serves to provide the initial distortion of the DNA.

Conclusions

Transcription initiation is a multi-step process involving
extensive transconformation reactions of the DNA. Tran-
scriptional regulators have evolved to take advantage of
the particular DNA geometry at each step of the reaction
by favoring or impeding their formation. DNA-bending
serves to correctly align interacting groups in space, ad-
just the local concentration of an activator to the appro-
priate level, or favor more extensive interactions of promo-
ter DNA with RNA polymerase by assisting the wrapping
of DNA around RNA polymerase. Distortions of the DNA
can be transmitted over a large distance by making use of
thedynamics of topologically closed domains of DNA. The
examples cited were intended to illustrate the importance
of the conformation of DNA for transcription initiation and
the great regulatory potential offered by ‘simple’ manipu-
lations of DNA conformation. Each individual step of initia-
tion is sensitive to DNA conformation and constitutes a
target for transcriptional activators that manipulate the
conformation of DNA.
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The hypoxia-inducible factor-1 (HIF-1) is a basic-helix-
loop-helix (bHLH) heterodimeric transcription factor
activated by reductions in oxygen concentration (hy-
poxia). Activated HIF-1 upregulates expression of ge-
nes involved in the adaptation of higher organisms to
hypoxic conditions, caused by e.g. high altitude, ane-
mia, wound healing or during development. Examples
of these oxy-genes include erythropoietin, a hormone
regulating erythropoiesis and hence the oxygen trans-
port capacity, and vascular endothelial growth factor,
a potent inducer of angiogenesis leading to increased
blood capillary density. The HIF-1 heterodimeris com-
posed of a HIF-1a and an ARNT subunit, both belong-
ing to the explosively growing PAS subfamily of bHLH
transcription factors. Closely related, but differentially
expressed, factors have recently been cloned, at least
one of which can also be activated by hypoxia. In this
review, we present a survey of the bHLH-PAS family as
well as of the genes regulated by HIF-1, and we sum-
marize our currentknowledge on the oxygen-depend-
ent activation of this fascinating transcription factor.
Key words: p300/CBP / Dioxin receptor / Erythropoietin /
Glucose metabolism / Transcription factor / Vascular
endothelial growth factor.

Introduction

Almost two years ago, the cloning of a novel transcription
factor that is activated by reductions in oxygen (O,) partial
pressure (hypoxia) attracted not only the attention of phys-
iologists but also of scientists working in such diverse
fields as dioxin toxicology and basic molecular biology. As
happens often in biological research, the hunt for answers
to completely different questions culminated in the identi-
fication of one and the same protein. Physiologists have
been (and still are) investigating the molecular mecha-
nisms by which reduced oxygenation influences the ex-
pression of specific genes such as erythropoietin (Epo),
the main regulator of erythropoiesis. Although far from
completely understanding how cells sense changes in O,
concentration and transduce this signal to the nucleus, a
hypoxia-inducible factor (HIF-1) was identified that trans-
activates Epo gene expression following binding to a hy-
poxiaresponse elementlocated in the 3’ flanking region of

the Epo gene. Semenza and co-workers succeeded in the
molecular identification of this factor and demonstrated
thatit consists of two subunits termed HIF-1a and HIF-18
(Wang et al., 1995a). Whereas HIF-1a represents a newly
detected protein, it came quite as a surprise that HIF-1B is
identical to the heterodimerization partner of the dioxin
receptor/aryl hydrocarbon receptor (AhR), called AhR
nuclear translocator (ARNT). Subsequently, the cloning of
aHIF-1a cDNA was also reported as aresult of the search
for new heterodimerization partners of ARNT (Li et al.,
1996), as well as by virtue of binding the transcriptional
co-activator p300/CBP (Arany et al., 1996).

Hypoxia-Inducible Epo Expression and the
Discovery of HIF-1

Oxygen serves as the terminal electron acceptor in mito-
chondria and hence is essential for the life of aimost all
higher organisms. One of the most dramatic and best-
studied mechanisms by which vertebrates adapt to hypoxia
is the increased rate of erythrocyte production, leading to
an elevation of the O, transport capacity. This response is
mediated by the glycoprotein Epo (reviewed by Jelkmann,
1992). Upon hypoxic exposure, the kidney, and to a lesser
extent also the liver, increase Epo synthesis at the level of
both transcription and mRNA stability. Once released into
the circulation, Epo is transported to the bone marrow
where it binds to the Epo receptor present on erythroid
progenitor cells. A signalling cascade is then initiated that
prevents apoptosis of these erythroid precursor cells al-
lowing them to differentiate to mature erythrocytes.
Analyses of both, human hepatoma cell lines capable of
expressing Epo in an O,-dependent manner, and of trans-
genic mouse models, allowed the identification of a hypo-
xia-response element (HRE) located downstream of the
Epo gene, which is crucial for hypoxic induction of Epo
transcription. DNA binding studies revealed that several
factors interact with this HRE, one of which (HIF-1) bound
solely after hypoxic exposure (reviewed by Bunn and
Poyton, 1996; Guillemin and Krasnov, 1997). Subsequent-
ly, Ratcliffe and co-workers (Maxwell et al., 1993), as well
as Semenza and co-workers (Wang and Semenza,
1993a), found this O,-dependent DNA binding and trans-
activation activity also in various non-Epo producing cell
lines, including insect cells (Nagao et al., 1996), sug-
gesting that HIF-1 is part of a widespread O,-sensing and
signal transducing mechanism. Biochemical studies re-
vealed that HIF-1 is a heterodimer composed of an a sub-
unit (120 kDa) and a B subunit (91 to 94 kDa), both directly
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contacting DNA in the major groove (Wang and Semenza,
1993Db). Protein purification and microsequencing allowed
the identification of HIF-1a as a novel protein and HIF-1B
as ARNT (Wang et al., 1995a).

In contrast to other transcription factors, including NF-
kB, AP-1 and the tumor suppressor p53, all of them being
induced by either (near-) anoxic stress conditions (where
the O, concentration is below approximately 0.02% v/v) or
even reoxygenation-dependent processes, HIF-1 is oper-
ating at physiologically relevant O, concentrations. A re-
cent report demonstrated that HIF-1« (and to a lesser ex-
tent also ARNT) protein levels and HIF-1 DNA binding
activity increased exponentially upon exposure to de-
creased O, concentrations (Jiang et al., 1996a). Half maxi-
mal induction was found between 1.5% and 2% O,, and
maximal response was at 0.5% O,. Below 0.5% O,, HIF-1
protein levels decreased again. For comparison, the cor-
responding normoxic O, concentration in kidney and liver
tissues is approximately 3 to 5%. Thus, HIF-1 is the first
ubiquitously expressed transcription factor known to be
activated within a physiological range of O, concentra-
tions.

HIF-1a Is abHLH-PAS Family Member

Both HIF-1a.and ARNT belong to a subfamily of the basic-
helix-loop-helix (bHLH) class of transcription factors
(Figure 1) harboring a region of homology termed PAS
(Per, ARNT, Sim). The PAS domain was first found in the
Drosophila transcription factors Per and Sim, and con-
tains direct internal repeats (A and B) of approx. 50 to 60
amino acids (reviewed by Schmidt and Bradfield, 1996).
Per (period) forms a heterodimer with Tim (timeless) which
isinvolved in control of the circadian rhythm of Drosophila.
Sim (single-minded) is a regulator of neuronal develop-
ment, and a mammalian Sim homolog was identified as a
candidate gene responsible for Down’s syndrome (Chen
et al., 1995; Dahmane et al., 1995; Fan et al., 1996). In-
terestingly, two recently detected mouse Sim proteins
(mSim1 and mSim2) can form heterodimers with ARNT
and act as transcriptional repressors (Ema et al., 1996;
Probst et al., 1997). Two additional Drosophila bHLH-PAS
genes have recently been cloned: Trh (trachealess) and
Sima (similar). Trhis required for embryonic tube formation
(Isaac and Andrew, 1996; Wilk et al., 1996). Sima is most
similar to HIF-1a and might therefore represent the
Drosophila HIF-1a homolog (Nambu et al., 1996).
Mammalian ARNT is a nuclear protein known to hetero-
dimerize with AhR following activation by xenobiotic li-
gands such as dioxin and other aryl hydrocarbons. This
complex binds to the xenobiotic response element that
controls expression of genes involved in xenobiotic me-
tabolism including cytochrome P-450lA1 and glutathi-
one S-transferase Ya. In addition, a homolog of ARNT
(ARNT2), whose expression is restricted to brain and kid-
ney, has also been reported (Hirose et al., 1996). Very re-
cently, three novel bHLH-PAS factors, termed endothelial

bHLH PAS
A B

HIF-1o
h (m/d?)

HIF-2a
h (m)

AhR
h (r/m)

ARNT
h (r/m)

ARNT?2

m
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d (h/m1+2)

Per
d

Trh
d

Fig.1 Schematic Representation of Some bHLH-PAS Family
Members.

The bHLH and PAS domains are indicated by filled and hatched
boxes, respectively. Whereas the PAS domain depicted here
comprises only the A and B direct repeat, the PAS homology do-
main extends somewhat beyond this region. The letters on the left
indicate the species from which the respective genes were clon-
ed, and letters in parentheses indicate other cloned homologs.
HIF-2a is also called EPAS1, HLF or HRF. The species are: h,
human; r, rat; m, mouse; d, Drosophila.

PAS domain protein 1 (EPAS1, Tian et al., 1997), HIF-1a-
like factor (HLF, Ema et al., 1997), and HIF-related factor
(HRF, Flamme et al., 1997) with marked sequence simi-
larity to HIF-1o have been published. Comparison of the
amino acid sequences suggested that EPAS1, HLF and
HRF areidentical (R.H.W. and M.G., unpublished observa-
tion). In contrast to the ubiquitous expression of HIF-1q,
EPAS1/HLF/HRF mRNA expression is restricted to endo-
thelial cells during embryogenesis and has predominant-
ely been observed in highly vascularized tissues in adults
and in postnatal alveolar epithelial cells. Since EPAS1/
HLF/HRF

(i) is very similar to HIF-1q,

(ii) forms functional heterodimers with ARNT,
(iii) is activated by hypoxia, and
(iv) transactivates genes via the same DNA recognition

sites as HIF-1,

we propose that this novel bHLH-PAS family member
should be termed ‘HIF-2a’ and the corresponding HIF-2a-
ARNT heterodimeric complex ‘HIF-2’. The endothelial
cell-specific receptor tyrosine kinase Tie-2 (Tian et al.,
1997) as well as the vascular endothelial growth factor
(VEGF, Emaetal., 1997) were identified as targets of HIF-2



function. To date, besides HIF-1a, HIF-2a is the only bHLH-
PAS family member known to be induced by hypoxia.

In summary, the bHLH-PAS family is growing rapidly
and additional members are continuously found inthe EST
treasury (Hogenesch et al., 1997; Zhou et al., 1997). Func-
tional characterization of the corresponding gene prod-
ucts certainly will provide many interesting insights into
the complex network of heterodimer formation between
AhR/HIF-1a/HIF-2a/Sim-type and ARNT/ARNT2-type of
bHLH-PAS proteins, and will identify the target genes reg-
ulated by these factors.

Functional Domains of HIF-1

Much of our current knowledge about the functional as-
pects of bHLH-PAS proteins is derived from investigations
on the AhR/ARNT complex. Both proteins contain N-ter-
minal basic and HLH domains responsible for DNA bind-
ing and dimerization, respectively, whereas the transac-
tivation domains reside in a glutamine-rich region near the
C-terminus. The role of the PAS domain is less clear, but it
is involved in heterodimerization, influences DNA binding
and transactivation, and bears the ligand as well as the
heat shock protein 90 (hspS0) binding sites of the AhR
(Schmidt and Bradfield, 1996). In vitro translation of dele-
tion mutants coupled with co-immunoprecipitation and
DNA binding experiments revealed that the presence of
the HLH and PAS(A) domains in HIF-1a as well as in ARNT
is indispensable for HIF-1 heterodimer formation. On the
other hand, the basic domain and a region including the
PAS(B) domain are required for DNA binding (Gradin et al.,
1996; Jiang et al., 1996b). These findings were confirmed
by reconstitution experiments in an ARNT-deficient mouse
hepatoma cell line (Hepai1C4), demonstrating that the
bHLH-PAS domain but not the C-terminal part of ARNT is
necessary for hypoxic induction of transactivation (Li et
al., 1996; Wood et al., 1996). Thus, although ARNT was
shown to be principally able to homodimerize when ex-
pressed at high concentrations and displays a certain
transactivation capability, its primary function might be to
serve as a heterodimerization partner for other bHLH-PAS
members, including AhR, HIF-1a, HIF-2a and Sim.

Co-expression of fusion proteins between HIF-1a and a
heterologous DNA binding domain together with a repor-
ter gene construct in Hepal1C4 cells, revealed that the
transactivation function of HIF-1a can also be induced by
hypoxia in the absence of ARNT, underlining the predomi-
nantrole of HIF-1a.compared to ARNT in hypoxic genereg-
ulation (Li et al., 1996). A more detailed dissection of the
C-terminal region of HIF-1a revealed that deletion of the
last 13 amino acids resulted in a reduced hypoxic induci-
bility, and that the last 83 amino acids were sufficient to
convey hypoxia-inducible transactivation to a heterolo-
gous reporter gene system (Li et al., 1996; Jiang et al.,
1996b).
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Oxy-genes Regulated by HIF-1

We recently showed that transcripts from the genes enco-
ding HIF-1a and ARNT are expressed ubiquitously in hu-
man and mouse tissues (Gradin et al., 1996; Wenger et al.,
1996). This is in agreement with the widespread hypoxia-
inducible HIF-1 DNA binding and transactivation activity
observed in virtually all permanent cell lines investigated
so far (Maxwell et al., 1993; Wang and Semenza, 1993a).
Figure 2 lists the genes that have been identified to date as
targets of HIF-1 function. These include Epo, VEGF, sev-
eral glycolytic enzymes, glucose-transporter 1, inducible
nitric oxide synthase, a VL30 retrotransposon, heme oxy-
genase 1 and transferrin. By aligning the known HIF-1
binding sites (HBSs) described from these genes, a tenta-
tive HIF-1 consensus DNA recognition site was obtained
with CGTG as the conserved core motif, usually preceed-
ed by an adenosine residue and an underrepresentation of
adenosine residues in the 3’ flanking part (Figure 2). How-
ever, determination of the significance and probability of a
given position flanking the inner core motif CGTG awaits a
more complete list of functional HIF-1 DNA binding sites.

The ubiquitous expression of functional HIF-1, as well
as the growing number of genes that are regulated by this
transcription factor, strongly suggest that HIF-1 plays a
key role in O,-dependent gene expression. Further evi-
dence for this notion arises from experiments with wild-
type Hepa1 cells and its ARNT-deficient subline Hepa1C4.
This subline was originally selected for deficiency inthein-
duction of benzo[a]pyrene-metabolizing enzyme activity.
As expected, hypoxic exposure of these cells no longer
resulted in induced HIF-1 DNA binding activity nor did it
induce expression from reporter gene constructs contain-
ing HREs. Furthermore, hypoxic upregulation of most en-
dogenous genes was abrogated in the mutant Hepa1C4
cells, but this function was rescued by forced expression
of exogenous ARNT (Forsythe et al., 1996; Gradin et al.,
1996; Li et al., 1996; Salceda et al., 1996; Wood et al.,
1996; Gassmann et al., 1997). Interestingly, in some re-
ports (Gradin et al., 1996; Wood et al., 1996; Gassmann et
al., 1997) VEGF and Glut-1 mRNAs were found to be still
induced in hypoxic Hepa1C4 cells, albeit to areduced lev-
el compared to the parental Hepai cells. The reason for
this phenomenon is currently unknown, but one might
speculate that more than one O,-dependent signalling
pathway exists, one of which being ARNT (HIF-1)-inde-
pendent. Itis astriking coincidence that for both VEGF and
Glut-1, post-transcriptional mRNA stabilization has been
reported to contribute to the increased steady-state
mRNA levels under hypoxia (lkeda et al., 1995; Steinetal.,
1995), a process that involves the von Hippel-Lindau tu-
mor suppressor gene VHL (lliopoulos et al., 1996; Levy et
al., 1996).
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Hypoxia-inducible gene Species Location HIF-1 binding site Function Reference
erythropoietin human 3’FS +3065/+3082 gccc TACGTGCTGT ctca + Wang et al., 1993b
erythropoietin mouse  3’FS +359/+376 gccc TACGTGCTGC cteg + Firth et al., 1994
erythropoietin human 5°FS -163/-180 tgca GACGTGCGTG tggg + Semenza et al., 1994
phosphofructokinase L mouse  IVS1 +346/+361 ggcg TACGTGCTGC ag + Semenza et al., 1994
aldolase A human 5°FS -184/-201 ctcg GACGTGACTC ggac + Semenza et al., 1996
aldolase A human IVS4 +124/+141 tctt CACGTGCGGG gacc - Semenza et al., 1994
phosphoglycerate kinase 1 human 5°FS -173/-190 gtga GACGTGCGGC ttcc + Semenza et al., 1994
phosphoglycerate kinase 1 human 5°FS -206/-189 gccg GACGTGACaa acgg N.D. Semenzaetal., 1996
phosphoglycerate kinase 1 mouse  5’FS -290/-307 ttgt CACGTcCTGC acga + Firth et al., 1994
phosphoglycerate kinase 1 human  5°UT +30/+13 tgcc GACGTGCGCT ccgg N.D. Semenzaetal., 1994
enolase 1 human 5°FS -590/-607 gggc CACGTGCGCC gcct - Semenza et al., 1994
enolase 1 human 5°FS -413/-396 gccg GACGTGGGGC ccca - Semenza et al., 1996
enolase 1 human 5°FS -386/-369 tgag TGCGTGCGGG actc + Semenza et al., 1996
enolase 1 human 5°FS -368/-351 ggag TACGTGACGG agcc + Semenza et al., 1996
lactate dehydrogenase A mouse 5’FS -89/-72 ccta CACGTGGGTT cccg + Firth et al., 1995
lactate dehydrogenase A mouse  5’FS -62/-79 agcg GACGTGCGGG aacc + Firth et al., 1995
glucose transporter 1 mouse  5’FS +273/+290 caca GGCGTGCCGT ctga + Ebert et al., 1995
vascular endothelial growth factor human  5’FS -978/-961 tgca TACGTGGGCT ccaa + Liueral., 1995
vascular endothelial growth factor rat 5’FS +61/+78 tgca TACGTGGGCT tcca + Levyetal., 1995
inducible nitric oxide synthase human 5°FS -229/-212 tgac TACGTGCTGC ctag + Melillo et al., 1995
retrotransposon VL30 rat 5°FS -101/-113 agag TACGTGCTa + Estesetal., 1995
heme oxygenase 1 mouse  5’FS +322/+339 agcg GACGTGCTGG cgtg + Leeetal., 1997
heme oxygenase 1 mouse  5’FS +350/+333 agag GACGTGCCaC gcca + Leeetal., 1997
transferrin human 5°FS -201/-184 gaaa TACGTGCGCT ttgt + Rolfs et al., 1997
transferrin human 5°FS -185/-168 tgtg TACGTGCaGG aaag + Rolfs et al., 1997

Tentative HIF-1 consensus DNA recognition site:

Fig.2 Compilation of HIF-1 DNA Binding Sites.

Ty Az CGTG Cpg Gyz Gis Co
Gy G, G T T3 Ty
C4 A3 CS CS G7

Nucleotides that match the tentative HIF-1 consensus DNA binding sequence are in capitals. The core moitif is in bold face. Note that the
mouse phosphoglycerate kinase 1 HIF-1 site corresponds to the complementary human site shown above it; mismatches to the tentative
consensus site were found in both cases. Cases where binding of HIF-1 to the corresponding sites leads to functional upregulation of a
reporter gene are marked by a (+) sign. HIF-1 binding sites that are, despite proven HIF-1 binding, transactivation-inactive are marked by
a(-) sign. FS, flanking sequence; IVS, intervening sequence; UT, untranslated; N.D., not determined.

Complex Protein Interactions at the HIF-1 DNA
Binding Site

Despite its critical importance in hypoxic gene regulation,
it should be noted that a single HBS within a HRE is appa-
rently not sufficient to confer hypoxic induction of gene
transcription. Additional factors binding to a HRE seem to
be necessary for optimal hypoxic induction (Ebert et al.,
1995; Firth et al., 1995; Forsythe et al., 1996, Semenza et
al., 1996; and references therein). As in the case of the
phosphoglycerate kinase 1, enolase 1, lactate dehydroge-
naseA, heme oxygenase 1 and transferrin genes, two func-
tional HBSs in close vicinity may also constitute a HRE
(Fig. 2). This hypothesis is further supported by the finding
that a HBS in isolation did not confer hypoxic induction of
reporter gene expression, whereas three concatemerized
HBS copies were hypoxia-responsive (Firth et al., 1994;
Kvietikova et al., 1995; Gradin et al., 1996; Gassmann et
al., 1997). Furthermore, there is evidence that ATF and
CREB family members are capable of constitutively bind-
ing the HBS (Kvietikova et al., 1995).

Interestingly, in an approach to clone gene products in-
teracting with the transcriptional co-activator p300/CBP,
HIF-1a was identified as one of the binding partners of
p300/CBP (Arany et al., 1996). Inhibition of p300/CBP by
the viral oncoprotein E1A blocked hypoxic gene activa-
tion, whereas ectopic expression of p300 enhanced hypo-
xia-induced transcription, demonstrating the critical im-
portance of p300/CBP in HIF-1 function (Arany et al.,
1996). p300/CBP display histone acetyltransferase activi-
ties and are thus probably involved in chromatin rearran-
gement (Bannister et al., 1996; Ogryzko et al., 1996),
which might be crucial for the accessibility of HIF-1 to its
DNA target site.

How Is HIF-1 Regulated?

So far, very little is known about the mechanisms of O,
sensing and subsequent conditional regulation of HIF-1.
Initially, it was reported that HIF-1a, and to a lesser extent
also ARNT, are hypoxically up-regulated at both the level



of mRNA and protein concentrations (Wang et al., 1995a).
However, the strong hypoxic increase in HIF-1a.and ARNT
mRNA could not be observed in other laboratories, de-
spite a concomitant increase in HIF-1a and ARNT protein
levels and DNA binding activity (Gradin et al., 1996; Huang
etal., 1996; Salceda et al., 1996; Wood et al., 1996; Wen-
geretal., 1996; 1997a). Therefore, evenif variations in HIF-
1a and ARNT mRNA levels may be found in some experi-
mental settings, they do not account for the dramatic
hypoxic increase in protein levels. How, then, is HIF-1 ac-
tivated? The answer to this question is not only central to
the understanding of HIF-1 functionitself, but will also pro-
vide new insights into the enigma of the O,-dependent
signal transducing mechanisms, since HIF-1 activation
may be the ultimate target of this process. Possible me-
chanisms include:

(i) translational upregulation and protein stability,

(i) phosphorylation,
(iii) reduction-oxydation (redox) processes; and
(iv) ligand binding or intracellular localization.
Evidence for all of these putative mechanisms has been
provided and more than one of them might be involved in
hypoxic HIF-1 activation. In the following section we will
briefly discuss our current knowledge about HIF-1 activa-
tion. We will concentrate mainly on HIF-1q, since this sub-
unit is apparently unique to the O,-dependent signal trans-
duction pathway. In contrast, ARNT serves also as a he-
terodimerization partner for various other transcription
factors, and hence is involved in other signal transduction
pathways including xenobiotic metabolism. In addition,
hypoxic ARNT activation is usually much less pronounced
than regulation of HIF-1a (Wang etal., 1995a; Huanget al.,
1996; Jiang et al., 1996a). It cannot be ruled out, however,
that hypoxic modulation of ARNT activity might also influ-
ence HIF-1 regulation.

(i) Intracellular protein levels might be regulated by
translational control or by altering protein stability. Itis well
established that pre-treatment with the protein synthesis
inhibitor cycloheximide blocks hypoxic induction of Epo
(and other O,-regulated) mRNA expression as well as HIF-1
activity (Bunn and Poyton, 1996). A plausible explanation
for this observation points towards translational upregula-
tion of HIF-1« protein. Upon reoxygenation, HIF-1a pro-
tein levels are rapidly downregulated indicating a very
short half life (around 15 minutes) of HIF-1a under normo-
xic conditions (Wanget al., 1995a). As reported recently by
Bunn and colleagues, the stability of HIF-1a is markedly
increased following hypoxic exposure (Huang et al.,
1996). Moreover, this group found that following anaero-
bic administration of cycloheximide to hypoxically grow-
ing cells, HIF-1a protein level was not affected, suggesting
that an increase in protein stability rather than de novo
translation might be the primary cause for hypoxic induc-
tion. However, the possibility that translational is also in-
volved in this process cannot be excluded. In keeping with
this, we recently showed that mouse HIF-1a is expressed
from two alternative promoters resulting in two mRNA iso-
forms with different 5’ untranslated regions and ATG
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translation initiation codons. These 5' untranslated regi-
ons vary markedly in their G+C contents which might in-
fluence the translation efficiency of each mRNA isoform
(Wengeretal., 1997b).

(ii) HIF-1 DNA binding activity depends on its phospho-
rylation status: addition of a protein kinase inhibitor (2-
aminopurine) blocked both hypoxic HIF-1 and Epo mRNA
induction, and treatment of nuclear extracts with phos-
phatasein vitro eliminated HIF-1 DNAbinding (Wangetal.,
1995b). Moreover, addition of a phosphatase inhibitor
(NaF) abolished hypoxic upregulation of HIF-1 activity, im-
plying that phosphorylation plays animportant role at mul-
tiple steps of the hypoxia signal transduction pathway.
The c-Src tyrosine kinase had been suggested to be in-
volved in hypoxic VEGF induction (Mukhopadhyay et al.,
1995). However, more detailed studies on HIF-1 regulation
involving c-Src-deficient cells could not confirm a role for
c-Src in the mechanism of transcriptional activation
(Gleadle and Ratcliffe, 1997). Phosphorylation (and other
post-translational protein modifications) could also ac-
count for the marked difference between the calculated
molecular mass predicted from the cDNA (93 and 85/87
kDa for HIF-1a and ARNT, respectively) and the apparent
molecular mass observed in polyacrylamide gels (120 and
91/93/94 kDa for HIF-1a and ARNT, respectively) (Wang
and Semenza, 1993b; Wang et al., 1995a).

(i) Another important modification affecting HIF-1 ac-
tivity involves the alteration of the cellular redox state. This
point is of particular interest since superoxide (O;") pro-
duction is dependent on the O, concentration and since
the superoxide dismutase conversion product hydrogen
peroxide (H,O,) could serve as a second messenger.
Therefore, redox processes initiated by a postulated heme
O, sensor represent a candidate system for the O, sensing
and signalling mechanism (Bunn and Poyton, 1996).
Indeed, exogenous H,0O, added to the culture medium
prior to hypoxia inhibited hypoxic induction of Epo ex-
pression (Fandrey et al., 1994), and also blocked hypoxic
HIF-1 activation, probably by preventing HIF-1a protein
accumulation (Wang et al., 1995c; Huang et al., 1996).
Interestingly, administration of H,O, during hypoxia did
not affect HIF-1 activity, once more suggesting an in-
crease in protein stability (Huang et al., 1996). However, in
addition to the oxidizing agent H,0,, the reducing agent
DTT also inhibited hypoxic HIF-1 activation, and the anti-
oxidant ascorbate failed to induce HIF-1 (Wang et al.,
1995c), challenging the hypothesis that H,0, is the sec-
ond messenger of hypoxia signal transduction. In vitro
treatment of purified HIF-1 and nuclear extracts with oxi-
dizing (H,O, or diamide) and alkylating (N-ethylmaleimide)
agents completely abolished HIF-1 DNA binding, indi-
cating that a functionally important cysteine sulfhydryl
group is sensitive to oxidation. The presence of areducing
agent (DTT or B-mercaptoethanol) preserved HIF-1 func-
tioninthese experiments (Wangetal., 1995¢; Huangetal.,
1996). Moreover, purified oxidized thioredoxin in the pres-
ence of DTT enhanced HIF-1 DNA binding and overex-
pression of exogenous thioredoxin potentiated hypoxic
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HIF-1 transactivation function of a co-expressed reporter
gene construct (Huangetal., 1996). Thus, as for phospho-
rylation, these results suggest that redox processes are in-
volved at multiple steps of O, signalling. However, the
finding that forced expression of exogenous HIF-1a and
ARNT resulted in increased transactivation of reporter gene
expression already under normoxic conditions (Forsythe
et al., 1996; Gradin et al., 1996; Li et al., 1996) provides
some evidence that hypoxia-dependent post-transia-
tional protein modifications are not the sole cause for
HIF-1 activation.

(iv) Several transcription factors are known to be retain-
ed in an inactive form in the cytoplasm and, upon activa-
tion, are translocated to the nucleus. Inthe case of the AhR
for example, the unliganded form resides in the cytoplasm
as a complex with two molecules of hsp90. Following
binding of xenobiotic ligands such as dioxins, hsp90 is re-
leased and the liganded AhR forms a heterodimeric com-
plexwith ARNT that activates genes involved in xenobiotic
metabolism (Schmidt and Bradfield, 1996). It is tempting
to speculate that a similar mechanism is also involved in
hypoxic HIF-1 activation. In this model, following hypoxic
stimulation, a so far undefined ligand would bind to HIF-
1a, that in turn translocates to the nucleus and heterodi-
merizes with ARNT to form HIF-1. In support of this hy-
pothesis, in vitro experiments showed that the affinity of
hsp90 for HIF-1a binding seems to be even higherthan the
affinity for AhR binding (Gradin et al., 1996). However, HIF-
1a protein could only be detected in nuclear extracts of
hypoxically treated cells but not in the cytoplasmic frac-
tion (Wang et al., 1995a), suggesting that, following syn-
thesis, HIF-1a is either rapidly degraded in normoxia or
stabilized and immediately translocated to the nucleus in
hypoxia.

Perspectives

Clearly, the elucidation of the mechanisms leading to hy-
poxic activation of HIF-1 is the most demanding topic for
the near future. Some of the possibilities raised above are
rather speculative and further functional dissection of HIF-
1a, HIF-2a and ARNT will be necessary to delineate a
more precise picture. Moreover, the molecules transmit-
ting the hypoxic signal to HIF-1, once identified, should
provide useful tools to tackle the O, sensor itself by follow-
ing the signalling pathway in the upward direction. On a
more general level, HIF-1a, HIF-2a (EPAS1/HLF/HRF),
ARNT and ARNT2 transgenic and ‘knock-out’ mouse
models will provide invaluable information on the physio-
logical role of these factors not only in the adaptation to
hypoxia but also during development as well as in cardiac
and neoplastic diseases. Indeed, in a very recent report,
Maltepe et al. (1997) have shown that ARNT null mutant
mouse embryos die at midgestation due to defective
blood vessel formation, a phenotype reminiscent of that
observed in VEGF +/- and tissue factor —/- mouse embry-
os. The finding that HIF-2a mRNA is expressed in vascular

endothelial cells at midgestation, whereas HIF-1c. mRNA
is almost undetectable (Ema et al., 1997), suggests that
the lethal phenotype is probably due to the lack of HIF-2
(rather than HIF-1) complex formation. Even if a definitive
answer awaits the targeted disruption of the HIF-1« and
HIF-2a genes, the results on the ARNT —/- phenotype
already imply that a hypoxia-inducible complex (HIF-1
and/or HIF-2) most probably plays an indispensable role
during embryonic development.

Note Added in Proof

While this manuscript was processed for publication,
Pughetal. (1997) found that HIF-1a amino acids 549 -582
and 775-826 could independently convey hypoxia-indu-
cible responses. Of note, the 549-582 domain was also
associated with a marked reduction of expressed protein
levels in normoxic cells, which was relieved by exposure
to hypoxia. Moreover, based on in vitro data, Kallio et al.
(1997) presented a new model of HIF-1 regulation in which
HIF-1a acquires a new conformational state upon dime-
rization with ARNT, rendering HIF-1a more resistant to
proteolytic attack.
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2-Oxo acid dehydrogenase complexes are composed
of multiple copies of at least three different enzymes,
2-oxo acid dehydrogenase, dihydrolipoyl acyltrans-
ferase and dihydrolipoamide dehydrogenase. The
acyltransferase component harbours all properties
required for multienzyme catalysis: it forms a large
multimeric core, it contains binding sites for the peri-
pheral components, the acyltransferase active site
and mobile substrate carrying lipoyl domains that
couple the active sites. In the past years these com-
plexes have disclosed many of their secrets, providing
currently a wealth of information on macromolecular
structure, assembly and symmetry, active-site cou-
pling, conformational mobility, substrate specificity
and metabolic regulation. In this review we will discuss
developments concerning the structural and mecha-
nistic features of the 2-oxo acid dehydrogenase com-
plexes, with special emphasis on the structure and
role of the lipoyl domains in the complex.

Key words: Acyltransferase / Assembly / Catalysis /
Lipoyl domain / Mobility.

Introduction

The 2-oxo acid dehydrogenase complexes are commonly
regarded as classic examples of multienzyme complexes.
Ever since the pioneering work of the group of Lester J.
Reed (Reed, 1974), these complexes have expansively di-
sclosed many of their secrets. In particular, by effectively
combining protein biochemistry with modern biophysical
and genetic techniques, which are undeniable indispen-
sable in contemporary biochemistry, the knowledge of
structural and mechanistic properties of these complexes
of very large size (0.7~ ~14 MDa) has expanded largely
during the last decade (Perham, 1991; Guest et al., 1989;
Mattevi et al., 1992a; Patel et al., 1996).

Multienzyme complexes are defined as noncovalent
aggregates of enzymes that catalyse two or more conse-
cutive steps in a metabolic sequence (Reed, 1974). The
purpose of multienzyme complexes appear to be mani-

fold. Reaction intermediates can be forced to complete
the intended reaction sequence instead of escaping to
conversion by enzymes that compete for the same reac-
tion intermediate (Hammes, 1981). This substrate chan-
nelling is particular efficient if intermediates are covalently
bound to the complex, like in the cases of the 2-oxo acid
dehydrogenase complexes and the fatty acid synthases.
Besides, by sequestering reactive intermediates, their
conversion by undesired chemical reactions is also pre-
vented (Perham, 1975). Another advantage of multien-
zyme complexes is that the catalytic activity can be en-
hanced because the local substrate concentrations are
increased significantly (Reed, 1974). Since the enzyme
activities in the complex are coupled, also better and more
efficient regulation of the overall reaction is possible.

The large attention for the family of 2-oxo acid dehydro-
genase multienzyme complexes originates certainly, at
least in part, from the key positions they occupy in energy
metabolism. The pyruvate dehydrogenase complex (PDHC)
catalyses the irreversible oxidative decarboxylation of
pyruvate to acetyl-CoA, linking the glycolysis with the tri-
carboxylic acid cycle. The 2-oxoglutarate dehydrogenase
complex (OGDHC) converts 2-oxoglutarate into succinyl-
CoA as part of the tricarboxylic acid cycle itself, and the
branched-chain 2-oxo acid dehydrogenase complex
(BCDHC) catalyses an irreversible step in the catabolism
of the branched-chain amino acids by converting the 2-
oxo acids derived from valine, leucine and isoleucine.

In this review we will discuss mainly developments
concerning the structural and mechanistic features of the
2-o0x0 acid dehydrogenase complexes, with special em-
phasis on the structure and role of the lipoyl domains in the
complex. Developments on genetic defects and regula-
tion of the eukaryotic complexes have been reviewed else-
where (Yeaman, 1989; Patel and Roche, 1990; Chuang et
al., 1991; Patel et al., 1992; Behal et al., 1993; Patel and
Harris, 1995).

Structure and Mechanism

2-Oxo acid dehydrogenase complexes are composed of
multiple copies of at least three different enzymes, which
are the major catalytic components: a substrate specific
2-oxo acid dehydrogenase (E1), a dihydrolipoyl acyltrans-
ferase (E2), and a common lipoamide dehydrogenase
(EB). The complex-specific components are commonly
abbreviated according to the origin of their complex,
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Fig.1 Reaction Scheme for the Oxidative Decarboxylation of 2-Oxo Acids by the 2-Oxo Acid Dehydrogenase Complexes (Reed, 1974).
R = CHj for the pyruvate dehydrogenase complex (PDHC), R = CH,CH,COOH for the 2-oxoglutarate dehydrogenase complex (OGDHC),
and R = CH(CHj3),, CH,CH(CH3), or CH(C,Hs)(CH3) for the branched-chain 2-oxo acid dehydrogenase complex (BCDHC). ThDP, thiamin

diphosphate; Lip, lipoic acid.

where E1p, E1o and E1b, and E2p, E20 and E2b, indi-
cate the E1 and E2 components of PDHC, OGDHC, and
BCDHC, respectively. The three components catalyse the
set of sequential reactions as shown in Figure 1, involving
three prosthetic groups [thiamin diphosphate (ThDP), li-
poic acid and flavin adenine dinucleotide (FAD)}, and two
cofactors (NAD* and CoA). The E1 component catalyses
the oxidative decarboxylation of the 2-oxo acid and the
subsequent reductive acylation of lipoic acid. The lipoic
acid is covalently bound in an amide linkage to the N¢
group of a specific lysine residue of the E2 component
(Nawaetal., 1960), forming the so-called lipoyl group. The
acyl group is then transferred to CoA, catalysed by the E2
component. Finally, the reduced lipoyl group is reoxidised
by the E3 component with the concomitant reduction of
NAD*.

In addition to the three major catalytic components,
mammalian and yeast PDHCs also contain a component
called protein X (De Marcucci and Lindsay, 1985), whichis
involved in the binding of the E3 component to E2 (Neagle
and Lindsay, 1991; Lawson et al., 1991a). Furthermore,
eukaryotic PDHC and BCDHC contain an E1-specific
kinase and phosphatase, which are involved in regulation
of the complex activity by a phosphorylation/dephos-
phorylation mechanism (Linn et al., 1969; Patel and
Roche, 1990).

The structural core of all 2-oxo acid dehydrogenase
complexes is formed by an aggregate of the E2 compo-
nent. The E2 components of PDHC from Gram-negative
bacteria, and the OGDHC and BCDHC from all sources,
except BCDHC from Bacilli (Perham and Packman, 1989),
are assemblies of 24 identical subunits arranged with oc-
tahedral symmetry (Perham, 1991). The PDHC of mam-
mals, yeast and Gram-positive bacteria form a core of 60
E2 subunits with icosahedral symmetry. Multiple copies of

the peripheral components E1 and E3 bind tightly but non-
covalently tothe E2 core. This resultsin multienzyme com-
plexes of enormous size (~ 5-14 MDa), which can easily
be observed as large particles in electron micrographs
(Oliver and Reed, 1982). A well-known exception is the
PDHC core from Azotobacter vinelandii, which dissocia-
tes into functional trimers upon binding of the peripheral
components to the E2 component (Bosmaet al., 1984).
The E1 component (2-oxo acid dehydrogenase) cataly-
ses the rate-limiting step in the overall complex reaction,
the reductive acylation of lipoyl groups (Cate et al., 1980).
It is the least-characterised enzymatic component of the
complex, and no structural information of any E1 compo-
nent at atomic resolution is yet available. The E1 compo-
nent exists in two forms, dependent on the type of com-
plex and its symmetry (Perham, 1991). A homodimeric
form (ap) is found in PDHC and OGDHC with octahedral
symmetry, and a heterodimeric (a2,) form is found in all
BCDHCs, and in PDHCs with icosahedral cores. Despite a
remarkable absence of sequence similarity among the dif-
ferent E1 subunits [e.g. E1p and E10 from Escherichia coli
(Darlison et al., 1984)], a common structural motif for a
ThDP-binding site was proposed in all sequences of
E1 components and other ThDP-dependent enzymes
(Hawkins et al., 1989). From the recent determination of
the three-dimensional structures of a number of different
ThDP-dependent enzymes, i.e. transketolase (Lindqvist
et al., 1992), pyruvate oxidase (Muller and Schulz, 1993)
and pyruvate decarboxylase (Dydaet al., 1993), this motif
was shown to be involved in binding the metal ion and the
diphosphate group (Lindqvist and Schneider, 1993; Muller
etal., 1993). The lack of structural information of E1 com-
ponents seems partly due to the limited availability of a
stable form of the enzyme. There are only a small number
of reports on the recombinant expression of functional



heterodimeric E1 (Wynnetal., 1992; Lessard and Perham,
1994; Hester et al., 1995), and recently on the expression
of a functional homodimeric E1 (Berg et al., 1996a). How-
ever, the work mentioned above seems promising enough
to expect new structural information shortly.

In marked contrast to the E1 component, many struc-
tural and mechanistic details for the E3 component (lipo-
amide dehydrogenase) are available. The E3 component
is usually common to all 2-oxo acid dehydrogenase com-
plexes from the same source. Exceptions occur e.g. in
Pseudomonas putida, where three different E3 enzymes
have been demonstrated (Palmer et al., 1991), and in
Enterococcus faecalis where two Ipd genes have been
found, one related to the PDHC (Allen and Perham, 1991)
and one of unknown function but probably related to
BCDHC (Claiborne et al., 1994). On the other hand, it has
been shown that in pea leaf mitochondria the PDHC and
the glycine decarboxylase complex share the same lipo-
amide dehydrogenase (Bourguignon et al., 1996). Lipo-
amide dehydrogenase belongs to the family of flavin-
dependent disulphide oxidoreductases and is a homo-
dimeric enzyme. Four three-dimensional structures of E3
components have been solved by means of X-ray crystal-
lography (Matteviet al., 1991, 1992b, 1993a; Mande et al.,
1996). The enzyme catalyses the regeneration (oxidation)
of the dihydrolipoyl group of the E2 component, using a
ping-pong mechanism. In the first step the electrons are
transferred from the reduced lipoyl group to a reactive
disulphide group of the enzyme. In the second step the
electrons are transferred via the FAD group to the final
electron acceptor NAD*. Further details regarding struc-
tural and mechanistic properties of this enzyme are be-
yond the scope of this review and can be obtained else-
where (Massey, 1960; Williams, 1992; De Kok and Van
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The Acyltransferase Component

The acyltransferase (E2) components of all 2-oxo acid
dehydrogenase complexes are multidomain proteins
sharing a common but extraordinary design (Figure 2).
Three different types of functional and separately folded
domains have been disclosed from limited proteolysis
studies (Bleile et al., 1979, 1981; Packman et al., 1984,
Chuang, 1985; Hanemaaijer et al., 1987; Packman and
Perham, 1987), amino acid sequence comparisons
(Russell and Guest, 1991) and functional expression of
separate domains by means of genetic engineering (Miles
and Guest, 1987b; Dardel et al., 1990; Schulze et al., 1991a,
1992; Hipps and Perham, 1992; Berg et al., 1994; Meng
and Chuang, 1994).

The E2 polypeptide chain contains at the N-terminus
one to three lipoyl domains (~ 80 amino acid residues),
each containing a covalently bound lipoyl group, followed
by a peripheral subunit-binding domain (~ 35 amino acid
residues) involved in the binding of the E3 and/or E1 com-
ponents to the E2 core. The C-terminal catalytic domain
(~ 29 kDa) accommodates the acyltransferase active site
and the intersubunit binding sites responsible for the for-
mation of the multimeric (24 or 60 subunit) core of the
complex. The domains are linked by long (15 to 40 amino
acid residues) flexible linker segments rich in alanine, pro-
line and charged residues.

All OGDHCs and BCDHCs known so far contain a
single lipoyl domain per E2 chain. In PDHCs, E2 compo-
nents with one, two or three lipoyl domains are found (Zhu
and Peterkofsky, 1996). The lipoyl domains of the same
E2p chain show a very high amino acid sequence identity.
It appears that there is no obvious correlation between the
number of lipoyl domains per E2 chain and the source or
symmetry of the E2 core (Perham, 1991). The structure,

E2

Berkel, 1996).
o 4%:::4 Il:nd
1-3

Lipoyl Peripheral Catalytic domain
domain(s) subunit-
binding
domain
o Protcin X
Lipoyl E3-binding E2-binding domain
domain domain

Fig.2 Schematic Representation of the Structural Domains of the E2 Components and Protein X.
The domains are connected by flexible linker segments (thick line). The approximate position of the lipoylation site in the lipoyl domains is
indicated by a dot. PDHCs contain one, two or three lipoyl domains depending on the source, OGDHCs and BCDHCs contain only one

lipoyl domain per E2 chain.



620 A.BergandA.de Kok

function, expression and lipoylation of lipoyl domains are
discussed below.

The isolated peripheral subunit-binding domain (~ 35
amino acid residues) is one of the smallest proteins having
a stable globular fold without the help of disulphide brid-
ges or prosthetic groups (Brocklehurst et al., 1994). The
solution structures of the chemically synthesised binding
domains of E. coli E20 (Robien et al., 1992) and B. stearo-
thermophilus E2p (Kalia et al., 1993), and the crystal struc-
ture of the latter binding domain in complex with the E3
component (Mande et al., 1996), have been solved. The
global fold of the domain comprises two almost parallel a-
helices, separated by a shortloop, ashorthelixand along,
more disordered loop (Figure 3). The binding domain of
A. vinelandii, E. coli and B. stearothermophilus E2p seems
to be involved in binding of both the E3 and E1 compo-
nents (Hanemaaijer et al., 1987; Packman et al., 1988;
Schulze et al., 1992), as is the case for all BCDHCs (Wynn
etal., 1992). In other complexes with octahedral cores, like
OGDHC from E. coli (Packman and Perham, 1986), the
binding domain is responsible for binding only the E3
component. In eukaryotic PDHCs, the binding domain is
involved in binding of the E1 component (Rahmatullah et
al., 1989a; Lawson et al., 1991b), whereas the E3 compo-
nent is bound to the complex by protein X (Rahmatullah
et al., 1989a; Neagle and Lindsay, 1991; Lawson et al.,
1991a).

The structural core of all 2-oxo acid dehydrogenase
complexes is formed by aggregation of the C-terminal cat-
alytic domain of the E2 polypeptide chain. From early elec-
tron microscopy studies (Reed, 1974) and crystallogra-
phic symmetries observed in X-ray diffraction analysis
(DeRosieretal., 1971; Fulleret al., 1979), a cubic or dode-
cahedral core formed by trimeric E2 units was already pro-
posed (Reed and Hackert, 1990). Although for some time
tetrameric E2 building blocks were suggested for the A. vi-
nelandii E2p (Bosmaetal., 1984; Hanemaaijer et al., 1989),
the determination of the crystal structure of the catalytic
domain of A. vinelandii E2p (Mattevi et al., 1992c, 1993b)
clearly showed a hollow 24-meric truncated cube with an

Qz Helix IT

Helix I

Fig.3 Schematic Drawing (Kraulis, 1991) of the Peripheral Sub-
unit-Binding Domain of B. stearothermophilus E2p (Kalia et al.,
1993), Indicating Its Overall Fold and the Elements of Secondary
Structure.

edge of 125 A, with trimers at its vertices (Figure 4). Based
on the sequence similarity among E2p amino acid se-
quences, the same trimeric building blocks are also as-
sumed for complexes with 60-meric dodecahedral cores
(Mattevietal., 19923, c). This assumption is confirmed by
the recently determined crystal structure of the dodeca-
hedral cores from B. stearothermophilus and E. faecalis
(lzard et al., 1997).

The determination of the crystal structure of the cata-
lytic domain revealed a high structural similarity between
the trimers and chloramphenicol acetyltransferase (CAT),
as predicted earlier on the basis of sequence homology
between CAT and E. coli E2p (Guest, 1987). The active site
is located at each interface of two E2 subunits in a trimer,
forming a channel where lipoamide enters from the out-
side and CoA arrives from the inside of the cube (Fig-
ure4A). Guest (1987) also suggested for the E2p acetyl-
transferase reaction a similar reaction mechanism to CAT,
with a histidine residue acting as a general base and a
serine which stabilises the tetrahedral intermediate. Since
then, a number of site-directed mutagenesis experiments
on different E2 components of various sources have con-
firmed and refined the proposed reaction mechanism
(Griffin and Chuang, 1990; Russell and Guest, 1990;
Russell et al., 1992; Meng and Chuang, 1994; Hendle et
al., 1995), with the single exception of yeast E2p, where
substitution of the proposed active-site histidine by ala-
nine or asparagine did not have a significant effect on the
activity (Niu et al., 1990). The involvement of the histidine
and serine in the reaction mechanism has been confirmed
by the crystal structures of binary and ternary complexes
of the A. vinelandii catalytic domain with the substrates
lipoamide and CoA (Mattevi et al., 1993c) and by struc-
tures in which the histidine was replaced by cysteine and
the serine by alanine (Hendle et al., 1995).

The separate domains in the acyltransferase chain are
connected to each other by flexible polypeptide segments
of unusual composition with a large majority of alanine,
proline, and usually charged amino acid residues. Their
structure, mobility and role in active-site coupling will be
discussed in the paragraph ‘active-site coupling and role
of linkers’.

Related Complexes

Inthis intervening paragraph, a brief description of several
multienzyme complexes and multicomponent enzymes
that show some structural or functional relationship to the
2-oxo acid dehydrogenase complexes is given, aimed at
a better understanding of several comparisons that are
made with these complexes elsewhere in this review. The
glycine decarboxylase complex, the acetoin dehydrogen-
ase enzyme system, the acetyl-coenzyme A carboxylase
and the fatty acid synthase are considered.

The glycine decarboxylase complex, also known as the
glycine cleavage system, catalyses the reversible oxida-
tive decarboxylation and deamination of glycine yielding
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carbon dioxide, ammonia, NADH, and 5,10-methylene-
5,6,7,8-tetrahydropteroyl-glutamic acid (CH,H4PteGlu,)
(Douce et al., 1994). The latter component is recycled by
serine hydroxymethyltransferase, which is linked to the
complex. The glycine decarboxylase complex consists of
four protein components, named P-, H-, T- and L-protein.
The P-protein, a homodimer containing pyridoxal phos-
phate, catalyses the decarboxylation of glycine and trans-
fer of the remaining methylamine to the lipoyl group of the
H-protein. The T-protein catalyses the transfer of the meth-
ylene carbon from the H-protein to HsPteGlu, forming
CHH,4PteGlu, with the release of ammonia. Finally, the
reduced lipoyl group of the H-protein is reoxidised by the
L-protein, a lipoamide dehydrogenase. The H-protein
couples the activities of the multienzyme complex enzy-
mes with its covalently bound lipoyl group, analogous to

Fig.4 The Pyruvate Dehydrogenase Complex from Azotobacter
vinelandii.

(A) backbone trace of the catalytic trimer with bound Coenzyme A
(yellow). (B) space filling model (only Ca atoms) of the cubic cata-
lytic core domain consisting of eight trimers, as viewed along the
fourfold axis (Mattevi et al., 1992c), (C) space filling model of the
octahedral pyruvate dehydrogenase complex as viewed along
the fourfold axis. In red and green space filling models (only Ca
atoms) of A. vinelandii E2p core and E3 are shown, respectively.
The structure of E1 is approximated by a sphere (blue) with a
radius of 29 A, while each lipoyl domain is indicated by a sphere
(yellow) with a radius of 17 A. For simplicity the other two lipoyl
domains of each E2p chain have been omitted.

the lipoyl domains of 2-oxo acid dehydrogenase comple-
xes. The structure of the H-protein has shown to be similar
to the lipoyl domain structures (see below).

The acetoin dehydrogenase enzyme system catalyses
the cleavage of acetoin to acetyl-CoA and acetaldehyde,
comparable to the oxidative decarboxylation of 2-oxo
acids by the 2-oxo acid dehydrogenase complexes (Op-
permanetal., 1989). This multienzyme complex also com-
prises multiple copies of three enzymes, a ThDP-depend-
ent acetoin dehydrogenase (E1), a dihydrolipoamide ace-
tyltransferase (E2), and lipoamide dehydrogenase (E3).
The nucleotide sequence-derived amino acid sequences
of the acetoin dehydrogenase complex components of
the Gram-negative bacteria Pelobacter carbinolicus (Opper-
man and Steinblichel, 1994) and Alcaligenes euthrophus
(Pfiefert et al., 1991), and the Gram-positive bacterium
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Clostridium magnum (Kriger et al., 1994) show a high si-
milarity with each other and with the components of the 2-
oxo acid dehydrogenase complexes. The E1 components
of acetoin dehydrogenase enzyme systems are heterodi-
mers, the E2 components have one or two lipoyl domains,
and the E3 component was found to have an N-terminal li-
poyl domain in C. magnum. No structural information on
any of these components is yet available.

Acetyl-CoA carboxylase catalyses the first committed
step in long-chain fatty acid biosynthesis, converting
acetyl-CoA to malonyl-CoA. It belongs to the family of
biotin-dependent carboxylases, which include also
propionyl-CoA carboxylase, oxaloacetate decarboxylase,
pyruvate decarboxylase and transcarboxylase (Toh et al.,
1993). They are composed of three subunits: a biotin car-
boxylase, a biotin carboxyl carrier protein, and a carboxyl-
transferase. The biotin carboxylase catalyses the ATP-de-
pendent carboxylation of biotin using bicarbonate. Biotin
is linked to the N group of a specific lysine residue of the
biotin carboxyl carrier protein. It acts as a swinging arm to
transfer the carboxyl group to the carboxyltransferase,
much like the lipoyl domains of the 2-oxo acid dehydroge-
nase complexes. In acetyl-CoA carboxylase, the carboxy!
group is finally transferred to acetyl-CoA to form malonyl-
CoA, catalysed by the carboxyltransferase subunit. The
three-dimensional structures of the E. coli biotin carboxy-
lase and the biotin carboxy! carrier protein of acetyl-CoA
carboxylase have been determined by X-ray crystallogra-
phy (Waldrop et al., 1994; Athappilly and Hendrickson,
1995). It shows that the structures of the biotin carboxyl!
carrier protein and lipoyl domains are strikingly similar (see
below).

The fatty acid synthase system is considered here, be-
cause a swinging arm is involved in the catalytic mecha-
nism (Hammes, 1981). The enzymes of fatty acid synthe-
sis constitute amultienzyme complex, in which all reaction
intermediates are boundto an acyl carrier protein. The acyl
carrier protein contains a phosphopantetheine moiety co-
valently linked to the hydroxyl group of a serine residue.
During catalysis, the acyl groups are bound via a thioester
linkage to the -SH group of this prosthetic group, which
serves as a swinging arm to deliver the acyl group to the
different active sites. With the presence of a swinging arm
the similarity with 2-oxo acid dehydrogenase complexes
ends. There is no structural or sequential homology be-
tween the acyl carrier protein and lipoyl domains.

Subunit Assembly and Quaternary Structure

Despite the fact that tertiary structures of individual com-
ponents and domains (Mattevi et al., 1992a) have provid-
ed a wealth of new information and insights in many as-
pects of 2-oxo acid dehydrogenase complexes, a qua-
ternary structure of the complex is of course not obtained
by simply adding up these tertiary structures. But the
combination of these data with other biochemical data
and electron microscopy studies could lead to anincreas-

ed insight into subunit assembly of these complexes and
have led to models such as pictured in Figure 4C.

As discussed above, the quaternary structure of the E2
component is based on an assembly of 24 or 60 subunits
in octahedral and icosahedral complexes, respectively.
Multiple copies of the E1 and E3 components bind to
the E2 cores, but not in stoichiometric amounts. In E. coli
PDHC, 12 E1p dimers bind to the edges of the octahedral
core, while 6 E3 dimers bind onto the 6 faces of the cube
(Koike et al., 1963). The optimal E10:E20:E3 chain-stoi-
chiometry for E. coli and A. vinelandii OGDHC have been
estimated at 12:24:12 (Pettit et al., 1973; Bosma, 1984).
An unusual exception to the organisation of PDHCs from
Gram-negative bacteria is the PDHC from A.vinelandii. As
isolated, it consists of a trimeric E2 core to which two E1
dimers and a single E3 dimer are bound (Schulze et al.,
1992). With that it is the smallest 2-oxo acid dehydrogen-
ase complex known (M, ~ 700000). Upon removal of the
peripheral components the E2 component aggregates to
the common 24-meric cubic core with 432 symmetry.
However, in the presence of CoA or acetyl-CoA, the cubic
core does not dissociate upon addition of the peripheral
components. Therefore we cannot exclude the possibility
that in vivo this PDHC can exist as a 24-meric E2p core
(Schulze et al., 1993).

The icosahedral cores of mammalian, Gram-positive
bacterial and yeast PDHC bind about 30 E1 tetramers
(a2B2) at the edges and 6 E3 dimers at the faces of the pen-
tagonal dodecahedral E2 core (Hendersonetal., 1979; Wu
and Reed, 1984). The E1p components are bound to the
peripheral subunit-binding domain of the E2p component
via their B-subunits (Wynn et al., 1992; Lessard and Per-
ham, 1995). In addition, mammalian and yeast PDHC con-
tain 6 or 12 protein X subunits (Jilka et al., 1986; Maeng et
al., 1994; Sanderson et al., 1996), and one to three copies
of a specific kinase and phosphatase (Reed, 1974; Reed
and Hackert, 1990). Protein X has a similar domain struc-
ture as the E2 components (Figure 2), with one N-terminal
lipoyl domain, a small E3-binding domain, and a C-termi-
nal domain that binds protein X to the E2 core (Behal et al.,
1989; Rahmatullah et al., 1989b; Lawson et al., 1991a).
The main function of protein X seems to be the binding of
the E3 dimers to the complex (Neagle and Lindsay, 1991;
Lawson et al., 1991a; Maeng et al., 1994), although it has
been suggested that the lipoyl domain of protein X can
also play arole in the catalytic mechanism (Rahmatullah et
al., 1990; Lawson et al., 1991b; Sanderson et al., 1996).
The E1 kinases were shown to associate to the mamma-
lian PDHC via binding to, preferentially, the inner lipoyl do-
main of the E2 component (Radke et al., 1993; Liu et al.,
1995a), which also appears to play a role in kinase stimu-
lation (Ono et al., 1993; Ravindran et al., 1996). Finally,
mammalian OGDHC lacks protein X, but the E20 compo-
nent also lacks a sequence motif of the putative peri-
pheral-subunit binding domain (Nakano et al., 1991). How-
ever, in the N-terminal region of the E10 component a se-
quence similar to protein X is found to be involved in E3
binding (Rice etal., 1992).



Many 2-oxo acid dehydrogenase complexes have
shown to be self-assembling (Koike et al., 1963; Reed
etal., 1975; Bates etal., 1977; Bosmaetal., 1984), at least
in vitro, which means that they can be functionally recon-
stituted from their individual components. Interestingly,
reconstitution experiments have revealed that in cases
where the binding domain is involved in binding of both
peripheral components, there seems to be competition for
binding sites during assembly, possibly caused by steric
hindrance (Reed et al., 1975). For example, the prokaryo-
tic E2p components from A. vinelandii and E. coli can bind
one peripheral componentin achainratio of 1:2 for E2p:E1
or E2p:E3 in the absence of the other peripheral compo-
nent (Reed et al., 1975; Bosma et al., 1984). Addition of
the other component causes displacement of the bound
component. For the B. stearothermophilus E2p it has
been shown that the E1p and E3 components cannot bind
simultaneously to the same isolated binding domain
(Lessard and Perham, 1995). This suggests that one peri-
pheral subunit-binding domainis involved in the binding of
adimer of E1 (B subunit) or E3. Other studies on the bind-
ing of E3to anisolated di-domain (lipoyl domain plus bind-
ing domain, Hipps et al., 1994) or the intact E2p or E20
(Westphal etal., 1995) confirmed this suggestion. Further-
more, it has been shown that a dimeric E3 is essential for
binding to the E2 component (Schulze et al., 1991b).

An exciting observation by Westphal and co-workers
was that binding to the A. vinelandii E2p stabilised the
ES by tightening the intersubunit interaction, making this
component less sensitive to over-reduction (Westphal et
al., 1995). From this study it was also concluded that the
E2p or E20 component must bind to the E3 component at
its subunitinterface near the dyad axis, thereby preventing
sterically the binding of a second E2. This mode of inter-
action between E3 and the binding domain has recently
been justified by the elucidation of the X-ray crystal struc-
ture of the B. stearothermophilus E3 component with the
binding domain of E2p (Mande et al., 1996). The E3 com-
ponent was shown to bind mainly to the N-terminal part of
the binding domain, via predominantly electrostatic inter-
actions with both E3 subunits.

The interaction between the E1 and the E2 component
has not been studied in such large detail. Reconstitution
experiments of PDHCs based on chimeric E2p compo-
nents from A. vinelandii and E. coli have shown that E1p
interacts with both the binding domain and the catalytic
domain of E2p (Schulze et al., 1992). Site-directed muta-
genesis experiments of A. vinelandii E2p already had indi-
cated that the binding sites for E1p are located on the C-
terminal part of the binding domain and the N-terminal
part of the catalytic domain (Schulze et al., 1991c).

The spatial distribution of the complex components has
been probed mainly by different electron microscopy tech-
niques. From electron microscopy studies on negatively
stained E. coli complexes (Oliver and Reed, 1982), and
confirmed by cryoelectron microscopy of the frozen-hy-
drated complexes (Wagenknecht et al., 1990), it has been
shown that the E1 and E3 subunits are separated from the
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E2 core by a gap of 3-5 nm. These results have been in-
terpreted by a flexible mode of attachment of E1 and E3 to
the E2 core, conferred by the linker sequence connecting
the peripheral subunit-binding domain with the core-for-
ming catalytic domain. Similar results have been obtained
for the mammalian PDHC, where the E1p and E3 compo-
nents also appear to not be bound directly to the E2p-X
core (Wagenknecht et al., 1991). Whether the suggested
mobility of the peripheral components plays a role in ac-
tive-site coupling remains to be determined. It could well
be that a function as a spacer rather than being flexible is
more important for this linker segment. It should be noted
that scanning transmission electron microscopy (STEM)
studies of cross-linked E. coli PDHC suggest more distinct
E1 and E3 binding sites on the E2 core (CaJacob et al.,
1985a; Yangetal., 1986). Finally, various electron micros-
copy studies of E. coli PDHC, e.g. of negatively stained
E2p cores (Bleile et al., 1979), using cryoelectron micros-
copy (Wagenknecht et al., 1990, 1992), or using STEM of
gold cluster labelled lipoyl groups (Yang et al., 1994), all in-
dicate that the lipoyl domains extend from the surface of
the E2p core. This has been confirmed by cross-linking
studies of E. coli PDHC with avidin, which tightly binds
lipoyl groups (Hale et al., 1992).

Structure and Role of Lipoyl Domains

The lipoyl groups, which are covalently attached to lipoyl
domains, are essential for the coupling of the activities of
the separate multienzyme components, by acting as reac-
tion intermediate carriers. As such, they are substrates for
the three different active sites in the multienzyme com-
plex, and are indispensable for the efficient functioning of
the complex. Lipoyl domains are independently folded
and functioning protein units, as has been shown by re-
ductive acylation of lipoyl domains obtained by limited
proteolysis (Bleile et al., 1981; Packman et al., 1984) or by
expression of sub-genes encoding them (Ali and Guest,
1990; Dardel et al., 1990; Quinn et al., 1993; Berg et al.,
1994; 1995; Liu et al., 1995b). In combination with amino
acid sequence comparisons of many acyltransferases
(Russell and Guest, 1991; Matuda et al., 1992; Dardel et
al., 1993; Zhu and Peterkofsky, 1996), it was concluded
that lipoyl domains comprise approximately 80 residues,
each containing one fully conserved lysine residue as po-
tential lipoylation site.

A very intriguing question regarding lipoyl domains is
why anumber of PDHCs have more than one (two or three)
lipoyl domain per E2 chain? It has been shown for the E.
coli PDHC, containing three lipoyl domains per E2p chain,
that nearly half of the lipoyl domains can be removed by
limited proteolysis without significant loss in overall com-
plex activity (Berman et al., 1981; Stepp et al., 1981).
Likewise, the rate of chemical modification of enzymatic
excision of lipoyl groups was shown to be faster than the
rate at which complex activity decreased (Ambrose-Giriffin
et al., 1980; Berman et al., 1981; Danson et al., 1981,
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Stepp et al., 1981). Furthermore, by genetic engineering
two of the three E. coli PDHC lipoyl domains can be re-
moved with no apparent effect on overall complex activity
or active-site coupling (Guest et al., 1985; Graham et al.,
1986). This is explained by an active-site coupling mecha-
nism in which the rate-limiting E1 component can serve
many lipoyl domains, and in which acyl groups can rapidly
transfer among different lipoyl domains (Bates et al., 1977;
Collins and Reed, 1977; Danson et al., 1978a, b). In this
way the function of the removed or inactivated lipoyl do-
mains can be taken over by the remainders. However, this
mechanism does still not explain the apparent excess of li-
poyl domains in a number of PDHCs. Only recently, an al-
ternative approach of comparing isogenic strains of E. coli
containing PDHCs with one, two or three lipoyl domains
per E2p chain, showed that the maximum growth rates of
these strains in minimal medium are directly correlated
with the number of lipoyl domains (Dave et al., 1995).
These results show at least the advantage for E. coli
having PDHC with three lipoyl domains per E2p chain for
efficient balanced growth on carbon sources that need
this complex in their metabolic route.

Lipoyl domains are not exclusively found at the N-ter-
minal part of the E2 chains of 2-oxo acid dehydrogenase
complexes and acetoin dehydrogenase enzyme systems.
As mentioned earlier, the protein X component of eukaryo-
tic PDHCs also contains an N-terminal lipoyl domain, and
it has been shown that thislipoyl domainis able to function
in the overall complex reaction (Rahmatullah et al., 1990;
Lawson et al., 1991b). The lipoyl domain of protein X of S.
cerevisiae shows about 50% amino acid sequence iden-
tity to the lipoyl domains of its E2p (Behal et al., 1989). Only
recently, the PDHCs from Alcaligenes eutrophus (Heinand
Steinblichel, 1994) and Neisseria meningitidis (De la Sierra
et al., 1994, Ala’Aldeen et al., 1996), and the acetoin de-
hydrogenase enzyme system from Clostridium magnum
(Kruiger et al., 1994), were found to have an E3 component
containing alipoyl domain connected to its N-terminus by
alinker segment. Although the role of these lipoyl domains
in the multienzyme complex has not yet been established,
their high amino acid sequence identity with the lipoyl do-
mains of the E2 component suggests that they could take
part in the overall reaction.

PDHC

An additional role for the lipoyl domains of mammalian
PDHCs has found to be involvement in binding of the pyr-
uvate dehydrogenase kinase. It was shown that the kinase
selectively binds to the inner lipoyl domain of the two lipoyl
domains of the mammalian E2 component (Liu et al.,
1995a), and that this association involves the hydrophobic
inner portion of the lipoyl group (Radke et al., 1993). The
kinase activity is regulated through the redox state of the
inner lipoyl domain, showing an increased activity upon
reduction or acetylation of the lipoyl group (Ravindran et
al., 1996). To explain the rapid phosphorylation of many E1
components by a limited number of kinase molecules, a
mechanism has been proposed in which the bound kinase
directly moves between the different inner lipoyl domains
without dissociating from the complex (Ono et al., 1993;
Liuetal., 1995a).

Recently, several three-dimensional structures of lipoy!
domains have been solved, all by means of NMR spec-
troscopy. These are the single lipoyl domain of B. stearo-
thermophilus PDHC (Dardel et al., 1993), a non-native hy-
brid lipoyl domain of E. coli PDHC (Greenetal., 1995a) and
the N-terminal lipoyl domains of A. vinelandii OGDHC and
PDHC (Berg et al., 1996b, 1997). All lipoyl domain struc-
tures show a very similar overall fold, which is now consid-
ered a new class of all-B folds called B-barrel-sandwich
hybrids (Chothia and Murzin, 1993), or flattened B-barrels
(Green et al., 1995a). The structure of the lipoyl domain is
formed by two very similar four-stranded antiparallel 3-
sheets, which are packed around a core of hydrophobic
residues in a sandwich-like manner (Figure 5). The lipoyla-
tion site is exposed in a -turn at the far end of one of the
sheets, while the N-terminus and C-terminus meet at the
opposite side of the domain, in two adjacent B-strands in
the other B-sheet. The lipoyl domain displays a remarka-
ble internal symmetry, relating the two halves of the mole-
cule by a two-fold rotational axis. Regarding the lipoyl do-
main structures determined so far, in combination with the
conservation of key-residues in all lipoyl domain amino
acid sequences, it is concluded that all lipoyl domains will
have highly similar folds (Dardel et al., 1993; Green et al.,
1995a; Berg et al., 1996b, 1997).

Another noticeable feature of lipoyl domains is that their
structure is not altered by lipoylation. In the NMR spectra

OGDHC

K42

Fig. 5. Schematic Drawing (Kraulis, 1991) of the Lipoyl Domain of A. vinelandii PDHC (Berg et al., 1997) and OGDHC (Berg et al., 1996b).

Lys39 and Lys42 are the lipoylation sites.



only very small differences in chemical shifts of residues
close to the lipoylation site are observed between the
unlipoylated and lipoylated forms of the lipoyl domain
(Dardeletal., 1991; Bergetal., 1994). These chemical shift
differences are considered too small to suggest binding of
the hydrophobic lipoyl group back to the protein surface of
the lipoyl domain, and indicate that the lipoyl groups of the
2-oxo acid dehydrogenase complexes are likely to swing
freely.

The structure of the lipoyl domain is not only required for
the specific attachment of the lipoic acid prosthetic group
(Wallis and Perham, 1994), but also increases the effi-
ciency of reductive acylation of its lipoyl group dramat-
ically. While free lipoamide or lipoic acid are good sub-
strates for the E2 and E3 components, lipoamide is an
extremely poor substrate for the E1 component (Reed et
al., 1958a). Likewise, reductive acetylation by E1p of a
lipoylated decapeptide, with an amino acid sequence
matching that surrounding the lipoylation site of E. coli
E2p, is barely detectable (Graham et al., 1989). However,
lipoyl groups, when bound to the lipoyl domains, are rea-
dily and efficiently reductively acylated by their appro-
priate E1 components (Bleile et al., 1981; Packman et al.,
1984, Berg et al., 1994, 1995). It has been suggested, on
the basis of the large difference between the K, (~ 33 uM)
and the K; (>0.3mwm), that the enlarged efficiency of re-
ductive acylation of the lipoyl group by a folded lipoyl do-
main is not directly a matter of enhanced binding to the E1
component (Graham and Perham, 1990).

Thelipoyl domain is also responsible, at least in part, for
the specificity of the reductive acylation reaction. Lipoy!
domains are only efficiently reductively acylated by the E1
component of their parent complex, as has been shown
forthe E. coli (Grahamet al., 1989) complexes, and subse-
quently for the A. vinelandii complexes (Berg etal., 1996a).
Reduced overall activity of reconstituted E. coli PDHC
containing A. vinelandii E1p (De Kok and Westphal, 1985),
and of E. coli and A. vinelandii PDHCs containing each
others engineered lipoyl domains (Schuize et al., 1992), is
also ascribed to reduced efficiency of reductive acylation.
Together this indicates that molecular recognition occurs
between lipoyl domains and E1 components. The conclu-
sion that all lipoyl domains, and in particular the A. vinelan-
dii PDHC and OGDHC lipoyl domains for which their spec-
ificity in the reductive acylation reactions has been demon-
strated, have very similar structures, indicates that this
molecular recognition is a result of delicate differences
among these domains.

On the basis of a careful comparison of lipoyl domain
structures and sequences, potential residues that could
be important for molecular recognition have been pro-
posed (Dardel et al., 1993; Green et al., 1995a; Berg et al.,
1994, 1996b, 1997). These include residues of an exposed
loop connecting the first two B-strands in the sequence
(Figure 5), and which lie close in space to the lipoylation
site. Site-directed mutagenesis experiments of the expo-
sed loop of the A. vinelandii OGDHC lipoyl domain combi-
ned with cross acylation experiments indicate that this

2-Oxo Acid Dehydrogenase Multienzyme Complexes 625

loop is very likely involved in the interaction with the E1
component. Recently a similar conclusion was drawn for
the B. stearothermophilus PDHC lipoyl domain by a com-
bination of site-directed mutagenesis and NMR experi-
ments (Wallis et al., 1996). It is obvious, however, that a
complete picture of the specific molecular interactions in-
volved in recognition of lipoyl domains is impaired by the
lack of structural information of the E1 component at ato-
mic resolution.

Lipoyl domains derived from 2-oxo acid dehydrogen-
ase complexes show high structural homology to the H-
protein of the glycine decarboxylase system and the bio-
tinyl domain of acetyl-CoA carboxylase, as had been
predicted on the basis of (low) sequence similarity to lipoyl
domains (Brocklehurst and Perham, 1993; Toh et al.,
1993). The structure of the H-protein has been solved by
X-ray crystallography (Pares et al., 1994; Cohen-Addad et
al., 1995), and consists of a B-barrel-sandwich structure
similar to the lipoyl domain (Figure 6). The lipoyl-lysine is
analogously presented in a B-hairpin turn and is rather flex-
ible, as concluded from the relatively high B-factors. The
N-terminal exposed loop of the lipoyl domain is replaced
by a helix in the H-protein, which is also in proximity of the
lipoylation site. The H-protein (~ 130 amino acid residues)
is larger than a lipoyl domain (~ 80 amino acid residues)
and contains two additional B-strands at the N-terminal
end, and a short and a long C-terminal helix. Very inter-
estingly, the X-ray crystal structure of the methylamine
loaded form of the H-protein shows that the lipoyl-methyl-
amine group interacts with several specific conservedres-
idues, located in a cleft formed by the B-sandwich and the
N-terminal helix (Cohen-Addad et al., 1995). The strong in-
teractions between the protein and the methylamine
group explain why the methylamine-loaded form of the H-
protein is stable (Neuberger et al., 1991), and show that in
this form the lipoyl group is not free to rotate.

The X-ray crystal structure of the biotinyl domain of
acetyl-CoA carboxylase from E. coli is very similar to the
structure of lipoyl domains (Athappilly and Hendrickson,

. lipoyl group

Fig.6 Schematic Drawing (Kraulis, 1991) of the H-Protein of the
Glycine Decarboxylase Complex from Pea Leaves (Pares et al.,
1994).

The lipoyl group is represented as a ball-and-stick model.
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biocytin

Fig.7 Schematic Drawing (Kraulis, 1991) of the Biotinyl Domain
of Acetyl-CoA Carboxylase from E. coli (Athappilly and Hend-
rickson, 1995).

The biocytin is shown in ball-and-stick representation.

1995). The only difference in overall fold is the absence of
the exposed N-terminal loop of the lipoyl domain in the
biotinyl domain, which in turn possesses a large loop be-
tween the second and third B-strand (Figure 7). The bio-
tinylated lysine residue resides in a -hairpin turn, a struc-
tural feature which seems conserved in all proteins
containing lipoic acid or biotin. The biotinyl group is well
defined in the electron-density map, and interacts with
residues of the large loop that is absent in lipoyl domains.
This indicates that the biotinyl group is not completely free
to swing, at least in its noncarboxylated form, but is par-
tially buried below the surface of the domain.

Lipoylation

Lipoic acid (6,8-thioctic acid or 1,2-dithiolane-3-pentan-
oic acid) is the prosthetic group of the lipoyl domains of
2-oxo acid dehydrogenase complexes and acetoin dehy-
drogenase enzyme systems, and of the H-protein of the
glycine decarboxylase complex. The carboxyl group of li-
poic acid is bound in an amide linkage to the N¢ group of a
specific lysine residue in a posttranslational modification
process called lipoylation. Until recently, very little was
known about the enzyme(s) and mechanism(s) involved in
lipoylation of apo-lipoyl domains, and about the biosyn-
thesis of lipoic acid, which will not be discussed here. Early
work by the group of Lester J. Reed on the lipoylating sys-
tems of E. coliand S. faecalis showed that incorporation of
lipoic acid into apo-PDHC required lipoic acid, ATP, inor-
ganic phosphate and a divalent metal ion, and that lipoic
acid and ATP could be replaced by lipoyladenylate (Reed
et al., 1958a, 1958b). Only after the observation of unli-
poylated and mismodified (octanoylated) lipoyl domains
after overexpression of their subgenes in E. coli under cer-
tain conditions, the attention to the lipoylation process
seemed renewed.

Unlipoylated and octanoylated lipoyl domains have
been observed in a number of cases. Expression of an E.
coli PDHC lipoyl domain in E. coli produced a mixture of
the lipoylated and unlipoylated form of the domain (Miles
and Guest, 1987b; Aliand Guest, 1990). Likewise, lipoyla-
ted and unlipoylated forms were detected when the hu-
man PDHC inner lipoyl domain (Quinn et al., 1993), the li-
poyl domains of A. vinelandii PDHC and OGDHC (Berg et
al., 1994, 1995), and the H-protein from pea (Macherel et
al., 1996) were overproduced in E. coli. Addition of exoge-
nous lipoic acid to the growth medium commonly resulted
in increased amounts of the lipoylated form, indicating
that the overexpression exceeded the cell’s capacity for
lipoylation. In addition to the lipoylated and unlipoylated
forms, small amounts of an octanoylated form were ob-
served when the lipoyl domains of B. stearothermophilus
and human PDHC, and the H-protein of bovine glycine de-
carboxylase complex were expressed in E. coli (Dardel et
al., 1990; Fujiwara et al., 1992; Hipps and Perham; 1992;
Liu et al., 1995b), and when E. coli PDHC lipoyl domains
were expressed in a lipoate-deficient E. coli strain (Ali et
al., 1990). The identification of the different forms of lipoyl
domains and H-proteins was greatly facilitated by the ap-
plication of new and advanced mass-spectrometry tech-
niques, e.g. electrospray mass spectrometry.

Itis interesting that lipoyl domains and H-proteins from
different sources are being lipoylated by the lipoylating
system of E. coli, with the exception of the lipoyl domain of
bovine BCDHC which is not lipoylated (Griffin et al., 1990).
The lipoyl domain and its particular lipoyl-lysine residue
are selected specifically for lipoylation, and the question
arises how this site is recognised by the lipoylating en-
zyme(s)? This question was addressed by site-directed
mutagenesis experiments of residues around the lipoyl-
lysine residue of the B. stearothermophilus PDHC lipoyl
domain (Wallis and Perham, 1994). They showed that the
position of the lipoyl-lysine residue in the B-turn whereiitis
found is essential for lipoylation, rather than the residues
directly surroundingit.

Lipoate protein ligases, responsible for the lipoylation
reaction, have been isolated from E. coli (Brookfield et al.,
1991; Green et al., 1995b) and from bovine liver mitochon-
dria (Fujiwara et al., 1994). In E. coli two distinct genes
have been cloned (Morris et al., 1994, 1995), the products
of which are involved in lipoylation. The /p/A gene product
is responsible for the incorporation of exogenous lipoic
acid, via a mechanism using a lipoyl-AMP intermediate,
which is consistent with the early observations by Reed
(Reed et al., 1958a, 1958b), and analogous to the biotin
protein ligase (Cronan, 1989). The other lipoate protein li-
gase, the /ipB gene product, utilises lipoyl groups gener-
ated via endogenous lipoic acid biosynthesis. This indi-
cates that two redundant pathways with two different
lipoate protein ligases for lipoylation exist in E. coli. Twoiso-
forms of lipoyltransferase were purified from bovine liver
mitochondria that could use lipoyl-AMP but not lipoic acid
plus MgATP for lipoylation (Fujiwara et al., 1994), sug-
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gesting that two enzymes are involved in the complete
lipoylation reaction.

From the amino acid sequences of E2 components the
number of potential lipoylation sites can be determined.
The extent of lipoylation of the potential sites has been a
subject of controversy for a long time. Various studies
using different methods of determination, mainly on the
E2p component of E. coli, resulted in numbers ranging
from 1.7 to 2.0 lipoyl groups per E2p chain (Packmanetal.,
1984). However, re-assessment of the number of func-
tional lipoyl groups per E2p and E20 chain by a combina-
tion of protein-chemical and modern mass-spectrometric
techniques clearly showed that all potential lipoylation sit-
es contain functional lipoyl groups (Packman et al., 1991).

Active-Site Coupling and Role of Linkers

The coupling of the activities of the three enzymatic com-
ponents of the 2-oxo acid dehydrogenase complexes is
brought about by their lipoyl groups. A swinging arm
mechanism, in which the long and flexible lipoy! groups ro-
tate among the different active sites, had been proposed
responsible for active-site coupling (Koike et al., 1963).
However, by fluorescence energy transfer measurements
itwas shown that the distances between the active sites in
PDHC were at least 4 nm (Shepherd and Hammes, 1977),
a gap that cannot be narrowed by a single rotating lipoyl
group (~2.8nm). Thus, more than just a swinging arm is
required for active-site coupling, and the participation of
two or more lipoyl groups in a catalytic cycle, or additional
movement of protein parts, was suggested to be involved
in the mechanism.

The mechanism of active-site coupling is more compli-
cated than the simple direct transfer of an intermediate
from an active site via the lipoyl group to the subsequent
active site. The observation that only a few E1 dimers can
reductively acylate many lipoyl groupsin E. coli PDHC and
OGDHC (so-called servicing experiments) (Bates et al.,
1977; Collins and Reed, 1977; Danson et al., 1978a), and
at a rate comparable to the overall complex activity
(Danson et al., 1978b), suggests that acyl-transfer reac-
tions among lipoyl groups need to be accounted for in the
active-site coupling mechanism. The involvement of intra-
molecular transacylation reactions can be used to explain
the observations that the removal of lipoyl domains by
limited proteolysis (Berman et al., 1981; Stepp et al.,
1981), genetic engineering (Guest et al., 1985), or enzyma-
tic release or chemical inactivation of the lipoyl groups
(Ambrose-Griffin et al., 1980; Berman et al., 1981; Danson
etal., 1981; Stepp et al., 1981) proceed faster than the ac-
companying loss of overall complex activity. The kinetics
of inactivation have been simulated by a computer model,
using a multiple random coupling mechanism for active-
site coupling (Hackert et al., 1983a, b). This mechanism
was supported by site-directed mutagenesis experiments
of E. coli PDHC, which showed that various permutations
of functional and non-functional (by lipoy!-lysine to gluta-
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mine mutations) lipoyl domains did not effect active-site
coupling (Allen et al., 1989). These elegant experiments
strongly suggest that the three lipoyl domains function
completely independent and that the reductive acetyla-
tion of them is random.

The multiple random coupling mechanism suggests a
rapid transfer of acyl groups among lipoyl groups. From
the X-ray crystal structures of the E2 and E3 components
it is clear that a direct enzyme catalysed transfer of acyl-
groups and reducing equivalents between lipoyl domains
cannot take place. However, the E2 and E3 components
can catalyse exchange reactions. In the absence of CoA
and NADH, such as under conditions used in servicing ex-
periments, the only enzymatic component that might par-
ticipate in an exchange reaction is the E1 component. An
exchange reaction between hydroxyethylThDP and acetyl-
lipoate has not been reported. Rather, acetylThDP is for-
med from acetyllipoate in a slow reaction and subse-
quently hydrolyzed (CaJacob et al., 1985b). A non-cataly-
zed chemical reaction seems unlikely as free lipoamide
cannot function as an acylgroup acceptor (unpublished
observation). Furthermore it is expected that a mixture of
6-S-acyldihydrolipoate and 8-S-acyldihydrolipoate will
be formed. Since the 6-S-acyldihydrolipoate is not con-
verted by the E2 component, a rapid decrease of the
complex activity during servicing experiments could be ex-
pected, but is, however, not observed. Chemical intra-
molecular isomerisation of the inactive enzyme-bound 6-
S-acyldihydrolipoate to 8S-acyldihydrolipoate is too slow
during normal turn-over (Yang and Frey, 1986) to compen-
sate for this. Finally, the negative charge on the lipoyl do-
mains may prevent any direct interaction between the do-
mains. In several recent textbooks this feature of random
coupling is treated incorrectly (Voet and Voet, 1995,
Mathews and van Holde, 1996).

The observation of unexpectedly sharp resonances in
the 'H-NMR spectrum of the E. coli PDHC (~ 5 MDa) indi-
cated the presence of conformational mobile regions in
E2p (Perham et al., 1981). Later on, similar signals have
also been detected in other complexes, like E. coli OGDHC
(Perham and Roberts, 1981), B. stearothermophilus PDHC
(Duckworth et al., 1982), and A. vinelandii PDHC, OGDHC
and E2p (Hanemaaijer et al., 1988b). These signals were
ascribed to the alanine and proline rich linker segments in
the E2 chain, which could be important for facilitating
movement of lipoyl domains for active-site coupling. This
was supported by the similarity of "H-NMR spectra of a
32-residue synthetic peptide representing the amino acid
sequence of a linker (Radford et al., 1986), and by the re-
duction of sharp signals in the spectrum of E. coli PDHC
with two deleted lipoyl domains and linkers (Radford et al.,
1987). Direct evidence for mobility of the linker segments
came from the observation of sharp 'H-NMR signals as-
signed to a histidine residue that was introduced in the
interdomain segment of a mutant E. coli PDHC with only
one lipoyl domain (Texter et al., 1988).

A more detailed analysis, by means of NMR spectros-
copy and circular dichroism, of several synthetic peptides
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with amino acid sequences representing E. coli PDHC
linkers, showed that these peptides are very flexible in so-
lution (Radford et al., 1989; Green et al., 1992). Moreover,
it was shown that their structures were disordered but not
random coil, and in particular that all Ala-Pro peptide
bonds were in the trans conformation. This suggests a
certain stiffening of the flexible linkers, which would facili-
tate protrusion from the core of the complex.

The importance of the flexibility of the linkers for active-
site coupling was shown by introducintg deletions in the
32-residue linker segment of an E. coli PDHC mutant con-
taining one lipoyl domain (Miles et al., 1988). Reduction of
the linker to less than 13 residues caused significant loss
in active-site coupling. Studies in which different linkers,
varying in length and composition, were engineered in this
complex confirmed the importance of the linker size
(Turneretal., 1993). They also showed that the amino acid
composition of the linker is of less importance, although
highly charged linkers were not allowed. Finally, the flexi-
bility and importance of the short linker segment con-
necting the peripheral subunit-binding domain with the
catalytic domain for active-site coupling needs to be
established unequivocally (Schulze et al., 1993), and may
vary between different 2-oxo acid dehydrogenase com-
plexes (Perham, 1991).
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Antibodies to peptides obtained by synthesis and,to a
much lesser extent, prepared by enzymatic digestion
of proteins, have been widely used in the last tenyears
in a variety ofimmunochemical and biological investi-
gations. There are however several limitations in the
correct utilization of such reagents. In fact, in spite of
their ‘predetermined specificity’, antipeptide antibo-
dies often fail to discriminate related molecules, and
their reactivity with native proteins may be scarce or
even absent, even if the peptide has been selected
from surface regions of the protein. Our critical point
of view, concerning two main aspects of antipeptide
antibody features, i.e. specificity and reactivity, will be
presented here, as confronted with information from
the available literature. We have selected a restricted
number of references among hundreds of publica-
tions dealing with antipeptide antibodies: for sure we
neglected outstanding papers on the subject, and we
apologize in advance.

Key words: Antibodies / Crossreactivity / Epitopes /
Peptides / Protein conformation.

Introduction

In the early 1980’s, several investigators from different
laboratories around the world reported that synthetic pep-
tides could be successfully employed for the generation of
protein-reactive antibodies.

This approach was not completely new, insofar as early
as 1963, inthe effort to induce protective immunity against
infections, Anderer (1963) reported that a natural hexa-
peptide obtained from the enzymatic digest of TMV, once
conjugated to BSA, elicited antibodies with a partial inhi-
bitory effect against the infectivity of the virus. This princi-
ple was verified in 1976, when it was described (Lang-
beheim et al., 1976) that a coliphage could be totally in-
activated by antisera raised against a synthetic peptide
corresponding to a 20-residue fragment of the viral coat

protein. At that time, however, experiments designed to
test this approach, and develop the new technique for the
production of antipeptide antibodies, were hindered by
price and unavailability of synthetic peptides and by the
paucity of sequence data on proteins of biological interest.
Butin the early 80’s, the technical improvements in the se-
quencing of proteins and nucleic acids, and the commer-
cialization of automatic peptide synthesizers and protec-
ted amino acids, increased the possibilities for the rapid
synthesis of peptides. The interest for antipeptide anti-
bodies was prompted by the finding that they had a re-
markable utility ina wide range ofimmunological as well as
biological studies, as the detection of trace amounts of
proteins and the study of interactions between macro-
molecules. Present and future possibilities of this tech-
nigue were widely examined and anticipated with empha-
sis in several early reports (Bittle et al., 1982; Green et al.,
1982; Jacob et al., 1983).

There is no doubt that, although many laboratories
around the world, (including ours), are still using antipep-
tide antibodies, such reagents, in spite of their ‘predeter-
mined specificity’, often fail to provide unambiguous re-
sults, especially concerning the selective recognition of
macromolecules. Even monoclonal antibodies to pep-
tides, which combine the purity of monoclonal reagents
with the predetermined target of the antibody, sometimes
display scarce specificity and selectivity.

For most molecular biology studies, an ideal antipep-
tide antibody should display the following two features:

(i) It should exhibit a restricted specificity.

(i) It should possibly react with native proteins.

Both features appear to be often defective in such re-
agents. Our critical point of view, concerning specificity
and reactivity of antibodies to peptides, will be presented
here, as confronted with information from the available
literature.

Specificity of Antipeptide Antibodies

Apart from large peptides (30 residues or more) that can be
injected uncoupled into animals (Del Giudice et al., 1986;
Zamorano et al., 1995), the large majority of peptides must
be conjugated to a carrier protein in order to elicit an im-
mune response.

The most common procedure for preparing conjugates
of peptides with high-molecular weight carrier proteins is
the addition of an aqueous glutaraldehyde solution to a
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mixture of the two components, in order to form a bridge
between amino groups of the compounds. The technique
necessarily introduces a modification into the chemistry
of the peptide. In addition, if the peptide contains one or
more lysine residues, the e-amino groups will often partici-
pate in the coupling reaction, and the final conjugate is
then an undefined chemical entity with severe alterations
in the original peptide structure. Almost every chemical
modification in the peptide structure results in achange of
immunogenicity and thus in a modification of the immune
response. This also holds for conjugates prepared by aid
of water-soluble carbodiimides, insofar as carboxyl groups
of aspartic acid and glutamic acid may participate in the
coupling reaction, thus increasing the complexity of the
final product. Peptides containing a cysteine residue have
the alternative possibility of being coupled through the
sulfhydryl group to the amino groups of the carrier by aid
of MBS (Liu et al., 1979) or related heterobifunctional
reagents (Jones et al., 1989). By this technique, carrier
and peptide are coupled in a deliberate manner and in a
chemically unambiguous way. Cys-containing peptides,
however, are easily subjected to oxidation and dimeriza-
tion during purification processes, and thus must be han-
dled with care.

On the other side, very long peptides, which can be in-
jected uncoupled, are difficult to isolate and purify, and are
often insoluble. A 99% coupling yield during synthesis
is compulsory, in order to avoid at the end an intractable
mixture of closely related fragments. The complexity and
heterogeneity of the immune response closely correlates
with the homogeneity of the peptide used as immunogen,
as all contaminants may represent additional determi-
nants. Fragments with deletion generate antibodies with
new specificites.

Besides rabbits, mice and guinea pigs have been occa-
sionally employed for generating polyclonal antibodies to
peptides (Jonesetal., 1989; Parry et al., 1988); there are in
addition several reports concerning the preparation of
mouse monoclonal antipeptide antibodies (Niman et al.,
1983; Smith et al., 1993).

When using peptide-carrier conjugates as immuno-
gens, the immune response is also directed against the
carrier protein, as well as against several chemical re-
agents used for the conjugation. Those antibodies, how-
ever, can be then easily removed by using suitable immu-
noadsorbents. An alternative approach for preparing pep-
tide immunogens, known as multiple peptide antigens
(MAPs), has been described by Tan and coworkers
(Posnett et al., 1988; Tam, 1988): a prototype of a MAP
consists of seven lysyl residues as the inner core, and
eight copies of the peptide. This polymer is synthesized
directly as a single unit by the solid-phase method, and
gives rise to an unambiguous, well-characterized conju-
gate with molecular weight exceeding 10000 daltons. It
is claimed that those polymers provide faster and more
homogeneous immunological responses, as compared to
conventional peptide-KLH conjugates, for the following
reasons:

a) They appear to be ‘high-density’ immunogens, i.e.,
compounds where the molar ratio peptide/core is very
high.

b) Their molecular weight (10000 and above) eliminates
the necessity of using a carrier protein, avoiding chem-
ical modifications of the peptide’s reactive groups for
the preparation of conjugates.

c) The polylysyl core itself functions as the carrier, and
does not give rise to the production of anti-carrier anti-
bodies.

In spite of the fact that recent data partially contradict such

statements (Briand et al., 1992; Chersi et al., 1995), the

method still remains as a valid alternative to conventional
immunizations with peptide-KLH complexes. Finally, some
investigators have immunized rabbits with peptidyl-poly-
amide particles, with surprisingly good results (Fisher et

al., 1989).

There is no doubt that the immune response against
a medium-sized peptide (12 to 20 amino acids) is poly-
clonal, and the specificity of such a complex mixture of
antibodies with different specificites and affinities, each
directed to one of the many linear, and sometimes con-
formational, antigenic determinants of the peptide, may be
low. Monoclonal antibodies to peptides offer the advan-
tage that each of them is directed against a single epitope
of the fragment. This might be quite advantageous for
relatively long peptides (30 residues or more), comprising
a high number of sequential antigenic determinants, and
different conformations. As an example, in a single fusion
experiment, a36-mer synthetic peptide produced as much
as 21 cell lines secreting stable antibodies reactive with
the peptide (Niman et al., 1983). It is obvious that for
small peptides, where the number of determinants is
small, monoclonal antibodies do not offer substantial
advantages as compared to rabbit polyclonal antipeptide
antibodies, considering their cost and the time necessary
for their preparation.

In contrast to antibodies to proteins, antipeptide anti-
bodies appear to be relatively nonspecific and often cross-
react with molecules that apparently share little homology
with the immunogen: three or four amino acid residues, if
placed at key positions, may be sufficient for generating
crossreactivities of antipeptide sera with related or even
unrelated molecules. This event is not always predictable
from the sequence homology between two molecules: as
an example, three closely related peptides from the varia-
ble region of HLA-DQS, -DQ1 and -DQ2 membrane glyco-
proteins:

A) SQKEVLERTRAELDTV
B) SQKEVLEGARASVDRV
C) SQKDILERKRAAVDRV

elicit antibodies with quite different specificites: anti-B
heavily crossreacts with peptide C (sequence homology:
68%), but very little with peptide A, with the same se-
quence homology. Accordingly, anti-A does not react with
either B or C, and thus appears to be relatively specific.
Those differences in specificity were explained by the find-



ing that the major epitope in all peptides was the carboxy-
terminal 7-residue fragment where the homology between
B and C was extremely high (Chersi et al., 1986).

A detailed study on the specificity of rabbit antipeptide
antibodies has been conducted by Geysen and cowork-
ers. Taking advantage of the multipin synthesis (Geysen
et al., 1986), those authors examined a panel of hexa-,
hepta- and octapeptides displaying single amino acid
substitutions, as compared to the synthetic fragment
used for eliciting antipeptide antibodies, and determined
position and nature of the residue that could be substi-
tuted without affecting the binding of the antibody to the
peptide(s). As an example, the antiserum elicited by the
hexapeptide GDLG S| crossreacts with several variants
of the peptide. Three of the six positions (2, 3, 4) do not
practically allow amino acid substitutions (only Asn for
Asp, lle for Leu, and Ala for Gly). The three others, on the
contrary, appear to be quite permissive, and allow a wide
range of replacements that only marginally affect the
ability of the fragment to be recognized by the antibody.
This means that this antipeptide antibody might crossre-
act with any protein fortuitously containing the sequence
X-D-L-G-X-X (or its variants X-N-L-G-X-X, X-D-I-G-X-X,
X-D-L-A-X-X). Inthis particular case, with each of the three
essential amino acid residues quite common in proteins,
the probability of encountering a D-L-G sequence in any
related or unrelated protein is relatively high.

In some cases, the crossreactivity can be predicted by
analyzing related peptide sequences by aid of acomputer
program provided with suitable corrections and approxi-
mations, as Asn=Asp, GIn=Glu, lle=Leu, Ala=Gly (con-
servative substitutions, factor 0.90). For semi-conserva-
tive substitutions, the factor is 0.50. In some cases, how-
ever, no obvious homology between the immunogen and
the crossreactive peptide(s) can be detected (Dibwad
etal., 1995), while in others, very closely related peptides
generate non-crossreacting antibodies (Nakamura et al.,
1995).

Allthose observations led to the prediction, soon experi-
mentally confirmed, that the majority of rabbit antipeptide
antibodies might be unsuitable for recognizing selectively
asingle component within acomplex mixture of closely re-
lated proteins. Nevertheless, very good quality, specific
antibodies were sometimes obtained, already in the first
years of development of this technique. For instance,
some investigators (Walker et al., 1985; Choppin et al.,
1986), succeeded in producing antibodies against pep-
tides homologous to fragments of HLA-B7 heavy chain,
which selectively immunoprecipitated the heavy chain-p2
complex only from cell lines serologically expressing this
specificity, notwithstanding the extended sequence ho-
mology occurring among Class | histocompatibility anti-
gens. Quite recently, in spite of the scarce (and often
unpredictable) specificity displayed by most antipeptide
antibodies, several investigators, by using as immuno-
gens Tyr-phosphorylated peptides (Bangaloreet al., 1992;
Epstein et al., 1992; 1995), have succeeded in producing
antipeptide sera that preferentially and quite specifically
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recognize proteins only when they are tyrosine-phospho-
rylated. The significance of those reagents lies in their abil-
ity to identify and quantify subsets of tyrosine kinases
and substrates that differ in phosphorylation and hence
functionality. Such anti-phosphatyrosinepeptide sera will
greatly simplify cell-free analysis of tyrosine phosphoryla-
tion. Thatis, as to the specificity of an antipeptide antibody
(or lack of it) for the desired region of the target, and affin-
ity for it, these can be found only ‘a posteriori’, a feature
which is shared with the production of monoclonal anti-
bodies.

On the other hand, when peptides are suitably selected
from protein regions that do not share close sequence ho-
mologies, the antisera often display sufficient selectivity
to be used in immunoprecipitation and western blotting
(Marquardt et al., 1990; Stricker et al., 1995) or even for
tissue staining (Creaney et al., 1995; Harrison et al., 1996).
Monoclonal antipeptide antibodies, however, may be
more suitable for those tests, since they are generally
more specific.

The aspecific binding to proteins is well evidenced by
testing an antipeptide antiserum on a complex protein mix-
ture after separation of bands by SDS-PAGE, and transfer
to nitrocellulose sheets (Western blotting). Incubation of
strips with the antipeptide serum, followed by an antirab-
bit-peroxidase-labeled second antibody, and then a suita-
ble substrate, reveals a very complex reactivity pattern.
Although some proteins might be related to the antigen,
being precursors or degradation products with similar
constitutive features, there is no doubt that many cross-
reactivities are occasional and fortuitous. The reactivity
pattern is remarkably less complex when affinity-purified
antipeptide antibodies are used instead of antisera. Also
in immunoprecipitation experiments, followed by SDS-
PAGE and Western blotting, the reactivity patternis gener-
ally quite complex, although the desired protein band can
be generally identified because of its higher reactivity and/
or its position. Clear-cut experiments can be considered
as relatively uncommon.

Binding of Antipeptide Antibodies to Native
Proteins

The first question to be answered, when selecting pep-
tides for the preparation of immunogens, is whether the
peptide has a surface location in the native protein. Since
only antibodies to exposed segments have the possibility
of reacting with the intact macromolecule, peptides
should be preferably selected from protein surface re-
gions. When the three-dimensional structure of the protein
has not yet been determined (as, for instance, from X-rays
parameters such as atomic mobility, surface exposure,
solvent accessibility, and protrusion), protein surface do-
mains and antigenic determinants can be sometimes pre-
dicted from the local hydrophilicity of protein segments
(Hopp and Woods, 1981; Eisenberg et al., 1984), although
this parameter does not always correlate with the reac-
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tivity of antipeptide antibodies with native proteins. A
more reliable approach (Krchknak et al., 1987) is based on
the calculation of the probability (p) of forming B-turns of
four consecutive amino acid residues in the protein, using
the Chou-Fasman method for predicting potential surface
determinants (Chou and Fasman, 1978). The validity of
this approach was assessed by selecting from the litera-
ture a panel of oncopeptides (Tanakaet al., 1985; Niman et
al., 1985) whose efficacy in generating protein-reactive
antipeptide antibodies had been previously experimen-
tally demonstrated: each fragment was analyzed for the
tetrapeptide sequence with the highest probability of for-
ming B-turns. A histogram was then drawn showing the
relation between the highest probability of B-turn occur-
rence (p) and the frequency distribution of reactivity of an-
tipeptide sera. By this method, the reactivity of 26 out of 27
(96%) experimentally positive antisera could be theoreti-
cally anticipated.

Peptide size is also an important factor: Fragments
shorter than 10 residues seldom elicit protein-reactive an-
tibodies. The reason may be statistical: the longer the pep-
tide, the greater the probability that it contains the right
number of amino acids forming a B-turn (Krchknak et al.,
1987).

The observation that synthetic peptides may elicit anti-
bodies recognizing the segment in the native protein has
led to several hypotheses about the structural basis for the
generation of the immune response. The initial assump-
tion was that peptides adopt in solution several different
conformations, some of which might approximate its cog-
nate structure in the intact protein molecule (Niman et al.,
1983). Thus, an antiserum to a peptide might be consid-
ered as a collection of antibodies to many different confor-
mations, some of which might then be reactive with the
folded protein.

The percentage of antipeptide antibodies recognizing
the native protein can be roughly estimated by inhibition
techniques or by the use of immunoadsorbents. Briefly,
one can measure with an ELISA the residual antibody ac-
tivity for the peptide, after incubation with an excess of na-
tive protein, or, alternatively, first bind the intact protein to
an inert matrix, and then calculate the percent of antibody
that does not bind to the whole antigen, but still reacts
with the free peptide (Chersi and Houghten, 1984). In most
cases, the percentage of antipeptide antibodies reacting
with the native protein can be estimated to be on the order
of 15-25%. This percentage fits well with the hypothesis
that short peptides (10-20 residues) are disordered in
aqueous solutions, i.e. they can adopt a multiplicity of
conformations. In the so-called stochastic hypothesis, the
native-like conformation of the peptide is assumed to be
rare; consequently, only a small number of peptide mole-
cules elicit antibodies capable of recognizing the native
protein. Nuclear magnetic resonance studies confirm that
only few peptides exhibit secondary structure in water.

Monoclonal antibodies provide a more precise estima-
tion of the frequency of reactivity of antipeptide antibodies
with native proteins: This is given by the ratio of the num-

ber of clones producing protein-reactive antibodies to the
total number of clones secreting antibodies reacting with
the peptide. Taking into consideration only cases in which
the number of clones responding to the immunogen (the
peptide) is sufficiently large (5 or more), this frequency
seems to be on the order of 30 to 50%. This percentage is
higher than in the case of rabbit polyclonal antipeptide
antibodies, but obviously a direct comparison could be
made only by analyzing simultaneously the monoclonal
and polyclonal response to the same peptide. It is also
possible that in some experiments the antibodies were
reacting in ELISA with native proteins because those
molecules had undergone a partial denaturation in the
immunoassay procedures.

It has been claimed that MAP antigens (i.e., a polymer
consisting of 8 copies of peptide linked together by a bran-
ched polylysyl core), which can be injected directly with-
out being previously coupled to a carrier protein, would
have a higher probability of generating protein-reactive
antibodies (Tam, 1988). This assumption seems to be
contradicted by recent experiments, since there were no
substantial differences in frequencies of protein-reactive
antibodies in sera elicited by MAPs or by the more con-
ventional KLH-peptide complexes (Briand, 1992).

Antibodies that do not react with the native macromole-
cule might be directed against a fragment that is hiddenin
the interior of the native molecule; alternatively, the anti-
peptide antibody might be prevented from reacting if the
target fragment assumes, in the native structure, a rigid
conformation. Flexibility of segments of proteins appears
thus to play an important role in epitope recognition: It
might be postulated that antipeptide antibodies bind to
the native molecule only when the local flexibility of short
segments of the protein mimics the flexibility of the pep-
tide in solution (Westhof et al., 1984).

As epitopes located in rigid segments of the protein
might not be recognized by antipeptide antibodies, the
prediction of chain flexibility of protein segments might be
better suited for selecting peptides than methods based
on hydrophilicity indexes. As an example, antibodies to
N-terminal or C-terminal peptides generally react with the
native protein, and this is due to the fact that the first 10,
and the last 10, amino acid residues in almost every pro-
tein are characterized by high chain flexibility (Karplus and
Schulz, 1985). As the rigidity of the polypeptide chain may
prevent antipeptide antibodies from reacting, this might
explain why antibodies elicited by peptides selected from
extracellular segments of several membrane proteins bind
poorly to intact cells (Di Modugno et al., 1995). Apart from
restriction in mobility exerted by other molecules, such
proteins are anchored to the lipid bilayer of the membrane
through multiple, short hydrophobic segments, and this
feature prevents fiexibility and thus the binding by the
antibody.

In ELISA assays, the three-dimensional structure of a
protein is often altered by the exposure to air and by the
drying onto microtiter plates. This may result in conforma-
tional changes and in the exposure of hidden polypeptide



segments. Subsets of antipeptide antibodies that do not
react originally with the macromolecule in its native form
may now recognize the antigen. it is then predictable that
the reactivity of the antipeptide antibody with the protein
in ELISA may not be related to its ability to react with the
native molecule in solution.

Most proteins extracted from cells by detergents are
also generally subjected to a partial modification of their
structure, and it should be assumed that ELISA tests per-
formed on such material do not reflect either the binding to
anative, or to a completely denatured protein.

On the other hand, antipeptide sera are likely to recog-
nize target proteins after SDS-PAGE in reducing condi-
tions and Western Blotting, while conventional mono-
clonal or polyclonal antibodies to proteins, being mostly
directed against conformational determinants, often fail to
react. However, the reactivity pattern is often quite com-
plex and does not provide definitive conclusions. Anti-
peptide antibodies purified by affinity chromatography
may offer more significant resuits. Preincubation of the
antipeptide antibody with the free peptide offers an addi-
tional criterium for identifying the target protein, since this
treatment preferentially inhibits specific bindings. There
are several reports concerning the successful utilization of
polyclonal or monoclonal antipeptide antibodies in these
assays (Niman et al., 1983; Walker et al., 1985; Marquardt
et al., 1990; Stricker et al., 1995). In a few cases, rabbit
antipeptide antibodies failed to react under such condi-
tions. (Haspel et al., 1988). Since the three-dimensional
structure of the protein is modified in the process, with
unfolding of the polypeptide chain, it is not clear why poly-
clonal antipeptide antibodies, directed to linear sequential
epitopes, are unable to react with the random-coiled mol-
ecule. A possible explanation is that the protein is not ex-
pressed, or, alternatively, that the sequence of the seg-
ment in the protein, as deduced from DNA sequence, is
not that reported in the literature. Finally, errors in peptide
synthesis, or persistence of protective groups in the frag-
ment, might produce antipeptide antibodies with quite dif-
ferent specificities from those required for reacting with
the antigen.

The final point to be discussed is whether this techno-
logy is given too much credit with respect to the results it
delivers. The answer is dependent on what the investiga-
tor expects from those reagents. The term ‘predetermined
specificity’ does not imply that antipeptide antibodies are
indeed and always truly specific. If should be noted, how-
ever, that the level of specificity required need not be very
high for all applications: For preparative purposes, an af-
finity step with the antipeptide antibody suitably bound to
an inert matrix, may result in a remarkable enrichment of
the desired material; this step can be then eventually com-
plemented by more conventional purification methods.

As far as concerns the reactivity of antipeptide antibo-
dies with native proteins, while it was predictable from the
very beginning, and thus accepted, that those reagents
would not recognize protein segments buried in the inte-
rior of macromolecules, it was not so obvious that the re-
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activity might be so highly dependent on the conformation
and flexibility of the polypeptide chain. This feature defini-
tely contributed to reducing the usefulness of antipeptide
antibodies in immunology and molecular biology.
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