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Conserved motifs in Fos and Jun define a
new class of activation domain

Jacqueline A. Sutherland, Alistair Cook, Andrew J. Bannister, and Tony Kouzarides®

Wellcome/CRC Institute, University of Cambridge, Cambridge, CB2 1QR UK

Fos and Jun form a tight heterodimeric complex that activates transcription by AP1 sites. We have recognized
that two adjacent regions of the Jun Al activation domain are conserved in the Fos protein, and we refer to
these two homologous regions as homology box 1 (HOB1) and homology box 2 (HOB2). Using GAL4 chimeras,
we show that the HOB1/HOB2 region of Fos and Jun is an independent activation domain in which HOB1
and HOB2 act cooperatively to activate transcription. This cooperativity is retained after the replacement of
Fos HOB1 or HOB2 with the equivalent domain of Jun or when duplicated HOB1/HOB1 and HOB2/HOB2
combinations are generated. In the Fos protein, HOB1 or HOB2 can also cooperate with a distinct domain at
the carboxyl terminus of the protein. Using the HOB2 consensus sequence as a guide, we identified a
HOB2-containing activation domain in the CCAAT/enhancer binding protein (C/EBP) protein. This HOB2
motif can cooperate with as yet undefined sequences in C/EBP and will function even when linked to Jun
HOB1. Thus, HOB1 and HOB2 represent inert “cooperating modules” that are combined to generate a
functional activation domain. Each of these modules has the potential to cooperate with both distinct and
identical domains. The presence of HOB-like modules in three different transcription factors indicates that the
HOB motifs characterize a new class of activation domain. These motifs can be used now to identify other

transcription factors with such modular characteristics.
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The transcription factors Fos and Jun can regulate the
expression of genes bearing AP1 sites. These two pro-
teins share a common basic leucine zipper (bZIP) DNA-
binding domain (Landschulz et al. 1988a) that allows
them to dimerize by the leucine zipper and bind DNA by
a basic motif (Halazonetis et al. 1988; Kouzarides and
Ziff 1988; Nakabeppu et al. 1988; Sassone-Corsi et al.
1988; Gentz et al. 1989; Schuermann et al. 1989; Turner
and Tjian 1989). Each of these two proteins belongs to a
different family of either Fos- or Jun-related proteins.
Members of each family share a number of conserved
domains, but the only recognized homology between the
Fos family (Fos, Fra-1, Fra-2, Fos-B) and the Jun family
(Jun, Jun-B, Jun-D) is within their DNA-binding domain.
The leucine zipper structure within this domain pro-
vides the specificity of interaction between Fos and Jun
family members (Kouzarides and Ziff 1989a; Sellers and
Struhl 1989). All Fos-related proteins can form func-
tional, DNA-binding heterodimers with any of the Jun-
related proteins, suggesting that a variety of Fos- and
Jun-related heterodimers, with potentially different ef-
fector domains, may be present in the cell {for review,
see Kouzarides and Ziff 1989b). The Jun family members
can also form homodimers and heterodimers with each
other, whereas the Fos family members can only het-
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erodimerize with members of the Jun family. The role of
the Fos- and Jun-related proteins and how this role differs
from that of Fos and Jun is unclear, but some clues do
exist. For example, unlike Jun, Jun-B is incapable of ac-
tivating the transcription of a promoter bearing a single
API site and can inhibit the activation of such a pro-
moter by the Jun protein (Chiu et al. 1989; Schiitte et al.
1989).

Once bound to DNA, the Fos-Jun complex can regu-
late gene expression by virtue of specific activation do-
mains carried by each protein {Angel et al. 1989; Abate et
al. 1990). Structure—function analysis of the Jun protein
has identified several transcriptional activation domains
in assays both in vitro (Bohmann and Tjian 1989) and in
vivo (Angel et al. 1989; Baichwal and Tjian 1990). A ma-
jor determinant appears to be at the amino terminus of
the protein {Angel et al. 1989; Baichwal and Tjian 1990),
whereas a relatively weak activation domain is present
toward its carboxyl terminus (Baichwal and Tjian 1990).
Various lines of evidence suggest that the ability of the
amino-terminal domain to activate is regulated both pos-
itively and negatively. Evidence for negative regulation
comes from in vivo competition experiments that show
that a cell type-specific inhibitor interacts with this do-
main and represses its activity (Baichwal and Tjian
1990). The target for this down-regulation appears to be
(at least partly} a 27-residue domain, called the 8 region,
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which is found to be deleted in the v-jun oncogene. Pos-
itive regulation of this activation domain is mediated by
certain activated oncogene products. Cotransfection of
H-ras or v-src expression vectors stimulates the activa-
tion potential of this Jun domain (Baichwal et al. 1991;
Binétruy et al. 1991). The stimulatory effect of H-ras may
be a direct consequence of Jun phosphorylation, as two
serine residues within the Jun activation domain are spe-
cifically phosphorylated in response to H-ras (Binétruy et
al. 1991; Smeal et al. 1991).

Here we show that Fos and Jun have previously unrec-
ognized homology outside their bZIP DNA-binding do-
main. This homology represents the conservation of two
adjacent regions, homology box 1 (HOB1] and homology
box 2 (HOB2), that fall within their activation domain.
Using GAL4 DNA-binding domain chimeras, we show
that HOB1 and HOB2 function cooperatively to activate
transcription. In addition, they each cooperate with a
distinct domain in the Fos carboxyl terminus and can
function even when repeated in a HOB1/HOB1 or
HOB2/HOB2 combination. Qur results establish the ex-
istence of inert ‘“‘cooperating modules” that activate
transcription when combined with a second (identical or
distinct) module.

Results
Fos shows homology to a Jun activation domain

Given that Fos and Jun cooperate to activate transcrip-
tion, we reasoned that Fos and Jun may possess common
trans-activating domains, in addition to a common
DNA-binding domain. Because comparison of the pri-
mary amino acid sequence did not reveal any obvious
homology outside their DNA-binding domain, we com-
pared the secondary structure predictions of the two pro-
teins. This type of analysis focused our attention on two

HOB motifs of Fos and Jun

adjacent, potentially helical regions of Jun shown to be
required for the transcriptional integrity of the Jun ho-
modimer (Angel et al. 1989; Baichwal et al. 1990). These
two regions of Jun show homology to two identically
spaced, potentially helical regions of the Fos protein
{Figs. 1 and 2). We refer to these two homologous regions
as HOBI and HOB2. In the Jun protein, HOB1 and HOB2
are present near the amino terminus, within the Al ac-
tivation domain {Baichwal and Tjian 1990). Deletion
analysis of Jun has shown that domains covering pre-
cisely the HOB1 and HOB2 sequences are essential for
Jun-induced transcriptional activation [Angel et al. 1989;
Fig. 1). In Fos, HOB1 and HOB2 are present after the
leucine zipper region, near the carboxyl terminus of the
protein (Fig. 1).

Transcriptional activation domains of Fos

We set out to establish whether the HOB1/HOB2 region
of Fos possesses transcriptional activation functions, as
in the case of the HOB1/HOB?2 region of Jun. Because Fos
is unable to bind DNA on its own, we fused the Fos
protein to the DNA-binding domain of the yeast tran-
scription factor GAL4 and used this chimera {GF 1-380)
to activate transcription of a promoter-bearing GAL4-
binding site (Fig. 3). Deletion analysis of GF 1-380 indi-
cates that a region containing both HOB1 and HOB2
{amino acids 210-308) is a major contributor to Fos tran-
scriptional activity (cf. lanes 2 and 5) and that sequences
at the amino terminus of the protein also possess tran-
scriptional activation functions (cf. lanes 1 and 3). The
HOB1/HOB2 region (amino acids 210-308) appears to
have independent trans-activating ability in the absence
of the rest of the Fos protein, as it can activate transcrip-
tion very efficiently when fused to the GAL4 DNA-bind-
ing domain (lane 6). When a fragment containing only
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Figure 1. The HOBI and HOB2 motifs of
Fos lie within a trans-activating domain.
Diagrammatic representation of the Fos
and Jun proteins shows the position and
alignment of HOB1 and HOB2.. The previ-
ously described in vivo activation regions
of Jun are shown below the Jun protein.
Regions |, II, and 11l were described by An-
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were reported by Baichwal and Tjian
(1990). The HOBI and HOB2 motifs of Jun
lie within trans-activating regions II and
1II, respectively. The position of the Fos
and Jun basic DNA-binding motif {B) and
| leucine zipper dimerization motif (Z) is in-
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Figure 2. Residues within HOBI1 and HOB2 contribute to Fos-induced transcriptional ac-
tivation. (A} Alignment of the rat c-Fos (Curran et al. 1987) and the human c-Jun (Angel et
al. 1988) regions that span HOB1 and HOB2, showing the precise conservation of distance
between the HOB1 and HOB?2 in Fos and Jun. Below the alignment, the mutations intro-
duced within the Fos sequence are shown. (B) The GF 210-308 plasmid (wt) and the various
mutants of this (shown in A} were introduced into 1 BR cells along with the pUASIOCAT

Relative activity (%)

reporter plasmid as described in Fig. 3. CAT activity of the GF 210-308 plasmid (wt) was wt EE FD EEFD TS NP

arbitrarily set at 100, and the values for the various mutants are shown relative to this.

HOBI1 (GF 210-244, lane 7) or only HOB2 (GF 250-308,
lane 8) is used, however, no activation is detected. This
result is consistent with the notion that HOB1 and
HOB2 are interdependent for transcriptional activity.

Our deletion analysis also suggests the presence of an
additional trans-activating domain carboxy-terminal to
HOB2. A chimera that contains the HOB1/HOB2 region
plus the remaining Fos carboxyl terminus (GF 210-380,
lane 9) shows higher activity than GF 210-308, which
contains the HOB1/ HOB2 region alone. This carboxy-
terminal domain is unable to function in the context of
a larger protein (cf. lanes 2 and 4), however, probably
owing to the presence of a repressor function elsewhere
in the protein. A repressor function must also affect the
activity of the HOB1/HOB?2 region as this domain shows
higher activity when amino-terminal sequences are re-
moved {cf. lanes 4 and 6). The presence of repressive
domains within the Fos protein is consistent with recent
in vitro results from Abate et al. (1991). These studies
also show that the region covering the Fos HOB1/HOB2
domain can function in vitro in the context of the full-
length Fos—Jun complex.

Residues within Fos HOB1 and HOB2 contribute to
trans-activation

Having shown that a 99-amino-acid region (210-308) en-
compassing the Fos HOB1 and HOB2 motifs can func-
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Fos 210-308 mutants

tion as an independent trans-activating domain, we
sought to verify that residues within HOB1 and HOB2
contribute to the activity exhibited by this region. First,
we chose to mutate two glutamic acid residues {E-234
and E-236) in Fos HOBI (Fig. 2A). Substitution of the
corresponding residues (E-75 and E-77] in Jun to arginine
(R) results in a reduction of Jun trans-activating ability
(Angel et al. 1989). Figure 2B shows that mutating Fos
E-234 and E-236 (EE) to arginine reduces trans-activation
by over sevenfold. In contrast, mutating two residues
within the nonconserved region between HOBI1 and
HOB2 (NP} has no effect on trans-activation. This sup-
ports the argument that homologous residues within the
Fos and Jun HOB1 motif are functionally related. Inspec-
tion of the HOBI motif suggested to us that these two E
residues may form part of a recognition site for a protein
kinase, as an S/T residue (73 in Jun and 232 in Fos) is
conserved in the vicinity. We therefore mutated Fos
T-232 and an additional serine residue, $-235, to alanine
and found that this double mutation, TS, also affects
trans-activation. This result is consistent with the pos-
sibility that a phosphorylation event may regulate the
activity of this region.

To assess the contribution of the HOB2 motif, we mu-
tated two conserved residues, F-269 and D-271, to ala-
nine. As seen in Figure 2B, the FD mutant is severely
defective in trans-activating ability compared with the
wild-type GF 210-308 (20-fold lower activity). This
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HOB2 mutant shows less activity than the HOB1 mu-
tant EE, whereas the double mutant EE/FD shows mar-
ginally less activity than either. These results verify that
both HOBI and HOB2 contribute to the transcriptional
activity exhibited by this region.

Fos and Jun have functionally interchangeable HOB1
and HOB2 domains

Having established that Fos HOB1 and HOB2 only func-
tion in combination (Fig. 3), we asked whether either of
these motifs could be replaced by the corresponding
HOB motif of Jun. Figure 4 shows that a domain of Jun
that contains both HOB1 and HOB2 (lane 4) can activate
transcription when linked to the GAL4 DNA-binding
domain, whereas a region containing HOBI (lane 5} or
HOB2 {lane 6) alone is essentially inactive. This parallels
the results obtained with Fos, where HOB1 and HOB2
together activate transcription (lane 1}, whereas HOB1 or
HOB2 alone do not (lanes 2,3). If we now make a chimera
containing Fos HOB1 linked to Jun HOB2 (GFH1/JH2,
lane 7) or Jun HOBI linked to Fos HOB2 (GJH1/FH2,

represent an average of several independent
transfections. The HOB1 and HOB2 motifs
(black and stippled boxes) as well as the basic (B)
and zipper (Z) regions are shown. The GAL4
DBD is shown as a box with diagonal lines. {B)
Activity of the GAL4-Fos deletions. Four mi-
crograms of the target reporter plasmid
pUASIOCAT (containing GAL4-binding sites;
Cousens et al. 1989) was cotransfected with 1
ng of the SV40 promoter-expressed GAL4-Fos
chimeras {shown in A) into 1 BR cells. Extracts
from these cells were used for CAT assays and
Western blots. The Western blots were probed
with an antibody against the GAL4 DBD to ver-
ify that each plasmid expressed equivalent lev-
els of protein.

lane 8) we can restore activity. The cooperativity be-
tween these Fos and Jun domains is dependent on an
intact HOB motif, as mutagenesis of Fos HOB2 (EE] or
Fos HOBI (FD} severely reduces this cooperativity.
These data suggest that the HOB1/HOB2 motifs of Fos
and Jun are operationally equivalent and provide strong
evidence that the HOBl and HOB2 domains activate
transcription cooperatively.

Fos HOB1 or HOB2 can cooperate with
carboxy-terminal sequences

Our analysis of the HOB1/HOB2 domain of Fos (see Fig.
3) revealed that an additional activation domain may be
present within the carboxyl terminus of the Fos protein
(Fig. 5, cf. lanes 1 and 2). Having established that HOBI
and HOB2 are cooperating units, we asked whether this
additional carboxy-terminal activity was reliant on the
presence of HOB1 or HOB2 or both. Figure 5 shows that
the carboxyl terminus of Fos (sequences precisely car-
boxy-terminal to HOB2, GF 276-380, lane 6) has no in-
dependent trans-activating ability. When the inactive
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Figure 4. The HOB1 or HOB2 domains of Jun can be
functionally replaced by the equivalent HOB domain of
Fos. (A) Schematic representation of the GAL4 DBD fu-
sions containing various combinations of Fos HOBI
(FH1), Fos HOB2 (FH2), Jun HOBI1 (JH1), and Jun HOB2
(JH2). The EE and FD mutations are as shown in Fig. 2.
The values on the right represent the increase in CAT
activity induced by each construct, above the level ex-
hibited by the GAL4 DBD alone. {B) Activity of “‘domain-
swapped’’ chimeras. The chimeric constructs shown in A
expressed under an SV40 promoter were cotransfected
with the pUASIOCAT reporter into 1 BR cells as de-
scribed in Fig. 3.

HOB1 or HOB2 domain is linked to the carboxyl termi-
nus, however, very efficient trans-activation is observed
(GF A210-380, lane 4 and GF 250-380, lane 3). This in-
dicates that HOB1 and HOB2 can cooperate equally well
with a distinct domain present at the carboxyl terminus.
The presence of both HOB1 and HOB2 along with the
carboxyl terminus does not increase cooperativity but
shows additive behavior (GF 210-380, lane 1). Thus, the
higher activity of GF 210-380 compared with GF 210-308
is due to cooperation between both HOB1 and HOB2
with the carboxy-terminal domain.

The domain cooperating with HOB2 appears to lie
within the carboxy-terminal 48 residues of Fos. Deletion
of these sequences (GF 250-332) severely reduces the
trans-activating potential of GF 250-380. Because these
48 carboxy-terminal residues do not show significant
trans-activating potential (GF 314-380, lane 8), we con-
clude that the very carboxyl terminus of Fos must con-
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tain an inert domain that has the capacity to activate
transcription in cooperation with HOB2.

A functional HOB2 domain in C/EBP

The presence of the HOB1 and HOB2 motifs in members
of two different transcription factor families prompted
us to look for the presence of these motifs in the trans-
activating domains of other transcription factors. The
search for HOB1 was not fruitful, but the search for
HOB2 homologies proved more conclusive (Fig. 6). This
motif was found within the activation domain of the
CCAAT/enhancer binding protein {(C/EBP) transcription
factor. Friedman and McKnight (1990} have shown that a
29-residue region of C/EBP (which contains the HOB2
motif) is unable to activate transcription when linked to
the GAL4 DNA-binding domain but can do so very effi-
ciently when amino-terminal sequences with no intrin-
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Figure 5. Fos HOB2 cooperates with the carboxyl terminus. {A)
Schematic representation of GAL4 DBD fusions containing por-
tions of the Fos carboxy! terminus (210-380). The values on the
right represent the increase in CAT activity induced by each
construct, above the level exhibited by the GAL4 DBD alone. (B}
CAT activity of each construct shown in A. The chimeras were
expressed under an SV40 promoter and cotransfected with the
pUASI10CAT reporter into 1 BR cells as described in Fig. 3.

sic activation functions are linked to it. This precisely
parallels the characteristics of the Fos and Jun HOB2
motif, where an adjacent amino-terminal domain (con-
taining HOB1} is required for its activity.

We therefore asked whether the C/EBP HOB2 motif
can functionally replace the HOB2 motif of Jun. Figure 7
shows that this 29-residue C/EBP domain, containing
the HOB2 motif, cooperates with the HOB1 domain of
Jun (cf. lanes 3 and 4). In agreement with previous ob-
servations (Friedman and McKnight 1990}, this 29-resi-
due region cannot activate transcription independently
{lane 2) but can do so when amino-terminal C/EBP res-
idues are present (lane 1). We can find no obvious HOB1
motif in this region of C/EBP or any homology to the
carboxyl terminus of Fos. Sequences unrelated to these
two domains or ones with limited homology must be
cooperating with C/EBP HOB2.

HOB motifs of Fos and Jun

Duplication of HOB1 or HOB2 generates an activation
domain

The synergistic effect on transcription exhibited by
HOB1 and HOB2 suggests that this activation domain
has a modular structure. Next, we asked whether this
modularity is a unique feature of the HOB1/HOB2 com-
bination or whether modularity is an intrinsic character-
istic of each of these two motifs. If the latter is correct
we would expect synergistic behavior from a duplication
of either HOB1 or HOB2. Figure 8 shows that a dupli-
cated version of Fos HOB1 (GFH1/H1) or HOB2 (GFH2/
H2) can activate transcription very efficiently compared
with an essentially inactive single copy of HOBI or
HOB2. The activity of each dimerized domain is 14-fold
above that of the single copy (sevenfold above that ex-
pected for additive behavior), indicating synergism be-
tween identical HOB domains. In contrast, duplication
of the highly active HOB1/HOB2 domain [GFH1/H2),]
only gives an essentially additive, 2.5-fold increase in
activity (Fig. 8, cf. lanes 1 and 6J.

These results suggest that HOB1 and HOB2 represent
distinct activation modules within the HOB1/HOB2 do-
main. These modules have no intrinsic trans-activating
ability but have the potential to form a strongly trans-
activating domain when combined with a second (iden-
tical or distinct) activation module. Synergism between
activation modules is limited to the generation of a sin-
gle active domain, as further synergism is not observed
when two copies of such an active domain are linked.

Discussion

Sequence homology between a Jun activation domain
and an undefined region of the Fos protein has led to the
identification of a novel class of activation domain. In
vivo assays with GAL4 DBD chimeras have allowed us
to compare directly the activation potential of Fos and
Jun sequences containing the homologous regions HOB1
and HOB2. The results clearly show that {1} domains
containing HOB1 or HOB2 have almost no activation
capacity but can work cooperatively to activate tran-
scription; {2) the HOB motifs in Fos and Jun are func-
tionally interchangeable; therefore, chimeras consisting
of Fos HOB1/jun HOB2 or jun HOB1/Fos HOB2 form
functional activating domains; (3) HOB1 and HOB2 can
activate transcription synergistically even when present
in a repeating HOB1/HOB1 or HOB2/HOB2 combina-
tion; (4) Fos HOB1 or HOB2 can cooperate with a distinct
sequence at the Fos carboxyl terminus; and (5) a func-
tional HOB2 motif, capable of cooperating with Jun
HOBI, is present in the C/EBP protein.

These properties, exhibited by HOB1 and HOB2, dem-
onstrate the existence of inert “activation modules.”
Such modules can activate transcription cooperatively
with a second activation module, which can be either
identical to itself or of a distinct class. The use of acti-
vation modules may reflect a widely used principle for
the generation of activation domains. We have identified
three different transcription factors that possess such
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Figure 6. The HOB2 motif shows homol-
ogy to a trans-activating domain of C/EBP.
The homologous residues are boxed. The
residues predicted to be within an a-heli-
cal conformation are marked by an x under

HOB1 HOB2

the amino acid sequence. The phosphory-
lation of Ser residues ($-63 and S-73) in Jun
{marked by an *) is stimulated by H-ras
and is carried out in vitro by MAP kinase

63 *
{(Binétruy et al. 1991; Pulverer et al. 1991).  sun SPD ‘JL

Mutagenesis of these two serine residues
drastically reduces Jun-mediated trans-ac-
tivation (Pulverer et al. 1991). The sequence C/EBP
of C/EBP is from Landschulz et al. (1988b).

modules, and we have shown that modules belonging to
different proteins can cooperate. It would be interesting
to establish whether other already characterized activa-
tion domains are composed of such nonfunctional but
cooperative units and whether these units can cooperate
with HOB1 or HOB2. A domain with characteristics
reminiscent of an activation module has been identified
within the glutamine activation domain of OCTI1. A
small unit from this domain shows highly synergistic
properties upon multimerization (W. Herr and M.
Tanaka, pers. comm.).
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Figure 7. C/EBP contains a cooperating HOB2 domain. (A)
Schematic representation of the GAL4 DBD fusions containing
various combinations of C/EBP HOB2 (CH2) and Jun HOBI1
(JH1) domains. The activity of each chimera is shown on the
right as the increase in CAT activity above the level exhibited
by the GAL4 DBD alone. (B) The CAT activity of each chimera
shown in A. The constructs, expressed under an SV40 promoter,
were cotransfected with the pUAS10CAT reporter into 1 BR
cells as described in Fig. 3.
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tivation domain of Jun suggest that the transcriptional
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Figure 8. HOBI or HOB2 function when duplicated. (A} Sche-
matic representation of GAL4 DBD fusions containing various
combinations of Fos HOB! (FH1} and Fos HOB2 (FH2). The
values on the right represent the increase in CAT activity in-
duced by each construct, above the level exhibited by the GAL4
DBD alone. (B) CAT activity of each construct shown in A. The
chimeras were expressed under the SV40 promoter and cotrans-
fected with pUASIOCAT reporter into 1 BR cells, as described
in Fig. 3.
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phosphorylation events within HOBL. The transcrip-
tional activity of the Jun Al domain is augmented by the
H-ras protein. This “superactivation’” process is reliant
on the phosphorylation of two serine residues, S-63 and
S-73, which is induced by H-ras in vivo and can be car-
ried out by MAP kinase in vitro (Binétruy et al. 1991;
Pulverer et al. 1991; Smeal et al. 1991). Interestingly, Jun
S-73 falls within Jun HOBI and is conserved in Fos
HOBI as a threonine (T-232; Fig. 2). Fos T-232 may also
be the target for MAP kinase activity because, as with
Jun S-63 and S-73, it is followed by a proline residue and,
therefore, conforms to the consensus sequence for MAP
kinase (S/TP) (Payne et al. 1991). Preliminary observa-
tions suggest that, indeed, T-232 is a substrate for MAP
kinase and that the Fos HOB1/HOB2 domain is respon-
sive to superactivation by H-ras {J.A. Sutherland and A ].
Bannister, unpubl.). It is therefore possible that H-ras-
induced phosphorylation of HOB1 regulates the activa-
tion functions of both Fos and Jun. This provides an at-
tractive model by which external mitogenic signals, act-
ing through Ras, affect the activation potential of
nuclear transcription factors.

The HOB1 and HOB2 motifs may represent binding
sites for proteins required to mediate the activation pro-
cess. Phosphorylation by MAP kinase may potentiate
the binding of such proteins to HOB1 (but not HOB2).
Regulating one of the activation modules (HOB1) would
then leave the second module (HOB2) free to cooperate
with a distinct module within the same protein such as
that present at the carboxyl terminus. Interestingly, the
carboxy-terminal domain of Fos that cooperates with
HOB?2 is phosphorylated by protein kinase A {Tratner et
al. 1992). Regulation by phosphorylation may turn out to
be a common feature of activation modules that cooper-
ate with HOB2. The use of such regulation may explain
why HOB2 is found cooperating with distinct, rather
than identical, modules within a given protein.

Pertinent to this discussion is the conservation of the
HOBI1 and HOB2 motifs within other members of the
Jun, Fos, and C/EBP families. Both motifs are conserved
in the two Jun family members Jun-B and Jun-D. In Jun-
B, however, the proline residue that follows the MAP
kinase-phosphorylated residues $-63 and S-73 is not con-
served. This may reflect the fact that a kinase, other than
the ‘proline-specific” MAP Kkinase is responsible for
phosphorylating these serines in Jun-B. This would then
allow Jun-B to be regulated independently of Jun and
Jun-D.

In contrast to Jun family members, the Fos-related pro-
teins, Fra-1 and Fos-B, do not have a conserved HOB1 and
HOB2 motif. The HOB1/HOB2 region is unique to the
Fos protein, suggesting that the activity residing within
this domain may distinguish Fos function from that of
other Fos-related proteins. The HOB2 motif is highly
conserved in all members of the C/EBP family (Williams
et al. 1991). This is particularly striking as this family
does not show extensive conservation outside its DNA-
binding domain. It is interesting to note that the three
proteins shown here to possess a HOB2 activation do-
main, Fos, Jun, and C/EBP, are all members of the bZIP

HOB motifs of Fos and Jun

family of DNA-binding proteins. Although this sample
is too small to be significant, the possibility that this
domain is specific to members of the bZIP family cannot
be excluded.

The HOB2-containing activation domains of Fos, Jun,
and C/EBP show some interesting similarities that may
reflect common function. Deletion analysis of these pro-
teins indicates that the HOB2-containing activation do-
main is less active in the context of the full-length pro-
teins (Friedman and McKnight 1990; Baichwal et al.
1991; Fig. 3). This suggests that a repressive activity may
regulate the function of these domains. In the case of
Jun, a cell-specific repressor has been implicated in the
regulation of the Jun HOB1/HOB2 domain. It has been
proposed that H-ras-induced superactivation of this do-
main is a result of relief from repressor activity (Baich-
wal et al. 1991). The results of the Fos deletion analysis
imply that the cooperative activity between the HOB2
and the Fos carboxyl terminus is masked completely in
the presence of amino-terminal sequences (Fig. 3, lanes
2,4). This may be an indication that in 1 BR cells, Fos
HOB2 cooperates with HOB1 but not with the carboxy-
terminal domain, owing to the presence of an inhibitor
that specifically prevents cooperation with the carboxy-
terminal domain.

Analysis of the secondary structure predictions for Fos
and Jun reveal that the HOB1 motif is present partly
within an a-helical region. An a-helix is predicted for
residues 75-82 of Jun and 234-241 in Fos (Fig. 6). This
helix falls just after the S/ TP sequence that forms part of
the recognition site for MAP kinase. Within this poten-
tial helix lie the two conserved glutamic acid residues
(E-234 and E-236 in Fos, E-75 and E-77 in Jun) that are
required for activation. In addition, the general character
of the residues within this helix is conserved between
Fos and Jun.

The HOB2 motif is also predicted to lie within an
a-helix (Fig. 6). In the case of Jun and C/EBP, the entire
region is o-helical, whereas in Fos, a central core
[bounded by two prolines) is predicted to be within an
a-helical structure. This central core contains the most
conserved residues in this motif and has the consensus F,
X, D/E, X, F/L, F/L. The first and fifth positions of the
core motif are hydrophobic and are predicted to fall on
the same face of the potential a-helix.

Activation domains characterized so far appear to be
related merely by the prevalence of certain residues, and
they are categorized as such. Families of activators are
exemplified by the glutamine-rich domain of SPI
(Courey and Tjian 1988), the acidic domain of VP16
(Triezenberg et al. 1988), the proline-rich domain of CTF
(Mermod et al. 1989), and the serine—threonine-rich do-
main of Oct-1 (Tanaka and Herr 1990). Transcription fac-
tors that fall into each one of these categories do not
show absolute sequence identity. Furthermore, there is
no evidence that any of these loosely related activation
domains are related in function. In contrast, the HOB2
domain of Fos, Jun, and C/EBP shows precise sequence
conservation, is similar in predicted secondary structure,
and functions in a cooperative manner. Using the HOB2
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homology as a basis, it has been possible to identify suc-
cessfully a transcription factor {C/EBP) with a cooperat-
ing HOB2 domain. The HOB2 motif therefore defines a
new class of modular activation domain that can be iden-
tified through sequence homology. This motif can now
be used to identify other transcription factors with mod-
ular activation domains. Cooperation assays with the
prototype Fos or Jun HOB motifs could then be used to
establish the validity of the observed homologies.

Materials and methods
Recombinant DNA

The Fos protein and the various deletions were cloned in-frame
with the carboxyl terminus of the GAL4 DNA-binding domain
present within the plasmid pHKG, which has the SV40 pro-
moter and polyadenylation site, a polylinker 3’ to the carboxyl
terminus of the GAL4 DBD and carries on F1 origin of replica-
tion (C. Hagemeier and T. Kouzarides, in prep.). The rat c-fos
sequence was used {Curran et al. 1987). The deleted versions
53-380 and 103-380 were generated using the naturally occur-
ring Bglll and Hincll sites, respectively. To generate the remain-
ing deletions, restriction sites were introduced into the c-fos
gene. Three mutagenic oligonucleotides {TK67, TK68, and
TK69) were used to introduce the following restriction sites: a
BamHI-EcoRI site at positions 749-754 and 756-761, respec-
tively (TK67), a BamHI-Sacl site at positions 1061-1066 and
1068-1073, respectively (TK68), and a BamHI-EcoR] site at po-
sitions 869-874 and 876-881, respectively (TK69). Mutagenesis
was carried out as described previously {Kouzarides et al. 1991).
The deletions were generated in the following way: GF 53-308
with Sacl of TK68, GF 53-205 with EcoRI of TK67, GF 210-380
with EcoRI of TK67, GF 314-380 with BamHI of TK68. GF
210-308 contains sequences from EcoR—-Sacl of TK67 and TK68,
GF 210-244 contains sequences from EcoRI-EcoRI of TK67 and
TK69, GF 250-308 contains sequences from EcoRI-Sacl of TK69
and TK68. To separate the HOB1 and HOB2 motifs of Jun, two
adjacent restriction sites were introduced {a BamHI site at 669—
674 and an EcoRI site at 676-681) using oligonucleotide TK90
(Angel et al. 1988). These two sites are at precisely the same
relative position as the sites described by oligonucleotide TK69
{Fig. 1), which were used to separate the HOB1 and HOB2 motifs
of Fos. Consequently, the distance between the two motifs in
GFHI/JH2 and GJHI/FH2 is identical to that found in Fos and
Jun. The GFH2/JH2 construct has Fos sequences from the
EcoRlI site of TK67 to the BamHI site of TK69 and Jun sequences
from the BamHI site of TK90 to a Nael site after residue 193.
The GJH1/FH2 clone has Jun sequences from residue 1 of Jun to
the EcoRl site of TK90 and Fos sequences from the EcoRI site of
TK69 to the EcoRI sites of TK68.

To generate the carboxy-terminal truncations of the Fos pro-
tein, a mutagenic oligonucleotide, TK104, was used to generate
an EcoRlI site and an Xbal site at positions 1130-1135 and 1138-
1143, respectively. Constructs containing sequences from resi-
due 267-380 were generated using PCR, and deletion at residue
332 was achieved using the Xbal site of TK104.

Domain analysis of C/EBP was accomplished using specific
PCR primers to amplify the appropriate domains. To generate
the GJH1/CH2 chimera, a mutagenic oligonucleotide (TK100)
was used to introduce a BamHI and an EcoRI site at positions
712-719 and 720-726 in c-jun, respectively. The 29-residue
HOB2 domain of C/EBP (amplified by PCR) was fused to Jun at
the BamHI site of Jun/TK100. Thus, the distance between Jun
HOBI and C/EBP HOB2 is the same as the distance between
Jun HOB1 and HOB2.
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Dimerization of HOB1 was accomplished by introducing the
BamHI fragment described by TK67-TK69 into pHKG 210-244.
Dimerization of HOB2 was accomplished by introducing the
BamHI fragment described by TK69 and TK68 into pHKG 250
308.

Transfections

Approximately 1 x 10° 1 BR cells [SV40 T antigen-transformed
human skin fibroblasts (Mayne et al. 1986)] grown at 37°C {5%
CO,) in Dulbecco’s Eagle medium supplemented with 10% fe-
tal calf serum were transfected with a total of 7.5 pg of DNA
using the calcium-phosphate coprecipitation technique. The
precipitate was washed 6 hr after transfection and the cells were
harvested 24 hr after transfection. Extracts from these cells were
then used for CAT assays and for Western blots. The CAT as-
says were quantitated by liquid scintillation counting. The
Western blots were probed with an antibody against the GAL4
DNA-binding domain (gift of M. Ptashne) to check the level of
protein expressed by each vector. All plasmids expressed pro-
teins at relatively equivalent levels. Each transfection was re-
peated a minimum of two times.
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