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Transcription factor AP-4 contains
multiple dimerization domains that
regulate dimer speciticity
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Enhancer binding protein AP-4 is a transcription factor that activates both viral and cellular genes by binding to
the symmetrical DNA sequence, CAGCTG. Here, we report the molecular cloning and characterization of
human AP-4 cDNAs. The deduced amino acid sequence reveals that AP-4 is a helix—loop-helix (HLH) protein.
Like other members of this family, the AP-4 HLH motif and the adjacent basic domain are necessary and
sufficient to confer site-specific DNA binding. However, unlike other HLH proteins, AP-4 also contains two
additional protein dimerization motifs consisting of leucine repeat elements LR1 and LR2. The analysis of
various deletion and point mutants for their ability to dimerize in the presence or absence of DNA reveals
several unusual features. Although the HLH basic region is sufficient for DNA recognition and binding, dimer
formation between different truncated versions of AP-4 in solution requires an intact LR1 or LR2 domain. AP-4
is unable to form heterodimers with other helix—loop-helix family members such as the immunoglobulin
enhancer binding factor, E12. In contrast, an AP-4 derivative, AC222, which lacks LR1 and LR2 but retains an
intact HLH, can form heterodimers with E12. Moreover, AP-4 molecules containing LR2 or LR1 are unable to
form mixed dimers with carboxy-terminally truncated AP-4 molecules such as AC222, but retain the ability to
form complexes with longer versions of AP-4 that contain LR1 and/or LR2. Our findings strongly suggest that
AP-4 contains multiple protein—protein interfaces that function to promote homodimer formation and restrict
heterocomplexes. These findings provide a mechanism by which different members of the helix-loop-helix
family of transcription factors can form functional dimers in a specific fashion with their appropriate partners

to control transcriptional networks during cellular differentiation.
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The coordinated control of eukaryotic gene expression
is, in large measure, directed by the action of sequence-
specific transcription factors. These DNA-binding pro-
teins modulate the frequency of transcriptional initia-
tion by interacting with specific promoter and enhancer
elements. Structure—function studies of various cloned
eukaryotic transcription factors have revealed a modular
construction consisting of DNA binding and transcrip-
tional activation domains combined, in some cases,
with specific homo- or heterodimer interfaces {(Mitchell
and Tjian 1989). A comparison of amino acid sequences
deduced from several cloned genes has led to the identi-
fication of distinct structural motifs responsible for
transcriptional activation, DNA binding, and dimeriza-
tion. Studies of transcriptional activation domains re-
veal various, as yet poorly defined, structural features
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such as acidic helices, glutamine-rich, proline-rich, and
serine/threonine-rich domains (Ptashne 1988; Courey et
al. 1989; Mermod et al. 1989; Tanaka and Herr 1990).
DNA-binding domains with more clearly defined struc-
tures have been characterized, such as zinc fingers,
helix—turn—helix/homeo domains, basic/leucine-zipper
(B-zip) proteins, and a variety of other “basic” motifs
(Miller et al. 1985; Kadonaga et al. 1987; Clerc et al.
1988; Hoey and Levine 1988; Landschulz et al. 1988b;
Miiller et al. 1988; Sturm et al. 1988).

In addition to structural domains that function by
contacting DNA or interacting with the basal transcrip-
tion components, some regulatory factors also contain
specialized protein—protein oligomerization domains. In
particular, certain classes of DNA-binding structures
rely on the formation of specific homo- or heterodimers
to create a functional DNA recognition site. One of the
dimerization motifs that provides an integral framework
for a DNA recognition domain is the so-called “leucine
repeat” of the B-zip class of DNA-binding proteins
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(Landschulz et al. 1988b). This amphipathic o-helix
motif is characterized by the presence of leucine res-
idues at every seventh position, interdigitated with
other hydrophobic amino acids at the 3-4 position. Two
leucine repeats aligned in a parallel fashion are thought
to form a coiled-coil structure resulting in either homo-
dimers or heterodimers, as demonstrated by studies of
CCAAT/enhancer binding protein {C/EBP), Jun-—Fos,
and GCN4 (Kouzarides and Ziff 1988; Landschulz et al.
1988b, 1989; Gentz et al. 1989; O’Shea et al. 1989;
Turner and Tjian 1989).

Recently, a different class of DNA-binding and dimer-
ization domain referred to as the helix—loop—helix
(HLH) motif has been described (Murre et al. 1989a).
This motif is found in a variety of enhancer binding pro-
teins and putative transcription factors involved in the
control of cellular proliferation and differentiation
(Edmonson and Olson 1989; Lassar et al. 1989; Ludwig
et al. 1989; Mellentin et al. 1989; Murre et al. 1989a,b;
Beckmann et al. 1990; Henthron et al. 1990). A distinc-
tive feature of HLH proteins is the capacity to form he-
teromeric complexes with many different members of
this large and growing family of proteins. For instance,
the immunoglobulin gene enhancer binding proteins,
E12 and E47, the muscle-specific factors MyoD and
myogenin, the Drosophila regulatory proteins daughter-
less and achaete-scute are all able to form heteromeric
complexes with each other as well as homodimers
(Murre et al. 1989b). Moreover, these different HLH pro-
teins share in common the ability to recognize a con-
served symmetrical core DNA sequence, CAXXTG.
Thus, the combined action of different HLH proteins
may provide an intricate network for directing gene
transcription in eukaryotic cells.

Given their propensity to form heterodimers with
each other, how do these different regulators recognize
the correct partners to form the desired homo- or hetero-
dimers to carry out their functions and, at the same
time, prevent the incorrect combinations from occur-
ring? One possibility is that different HLH proteins are
expressed in a temporally or spatially restricted manner
in the organism. This is apparently the case with some
tissue-specific factors such as MyoD, and the emc and
achaete-scute gene products (Davis et al. 1987; Ed-
monson and Olson 1989; Wright et al. 1989). On the
other hand, many HLH proteins such as the immuno-
globulin enhancer-binding proteins E12/E47 and TFE3,
are ubiquitously expressed (Murre et al. 1989a; Beck-
mann et al. 1990). It would therefore be of interest to
decipher the mechanisms that may regulate specific ho-
modimer or heterodimer formation within this impor-
tant family of regulatory proteins.

Here, we report that transcription factor AP-4 is a new
member of the HLH family. AP-4 was identified first as a
cellular protein that binds to the SV40 enhancer and ac-
tivates viral late gene transcription (Mermod et al. 1988).
In several cellular promoters, as well as some viral en-
hancers, AP-4 binding sites overlap the recognition se-
quences of other transcription factors such as AP-1/Jun,
suggesting possible factor—factor interactions. Mermod
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et al. (1988} have found that in vitro, AP-4 and AP-1 can
act synergistically to activate both SV40 late and the
hMTIIA gene transcription. Recently, several studies
have also suggested AP-4 or related factors in the regula-
tion of human proenkephalin expression (Comb et al.
1988). Thus, AP-4 will offer an opportunity to examine
the interplay of different transcription factors with each
other and to extend our understanding of how homo-
and heterocomplexes contribute to regulation.

Here, we describe the isolation of a partial cDNA
clone encoding human AP-4. Analysis of the AP-4
cDNA product suggests that it encodes an HLH protein
that recognizes the symmetrical core DNA sequence,
CAGCTG. Although AP-4 is a member of the HLH
family, the protein does not form heterodimers with
other HLH proteins. Instead, AP-4 contains multiple
distinct protein—protein interfaces, and displays novel
dimerization properties. Studies of AP-4 reveal new
mechanisms for directing dimerization specificities be-
tween different related transcription factors. We also
used AP-4 as a model system to dissect further the role
of the HLH motif in its capacity as a DNA binding and
dimerization element. Finally, we speculate on the
structural basis and biological significance of the elabo-
rate AP-4 dimerization machinery.

Results
Isolation of AP-4 cDNAs

Transcription factor AP-4 was purified to near homoge-
neity by a combination of classical and sequence-spe-
cific DNA affinity chromatography (Kadonaga and Tjian
1987) as described by Mermod et al. (1988). The partial
amino acid sequences of several tryptic peptides were
determined. Two peptide sequences were used to derive
best-guess oligonucleotide probes for screening a HeLa
cell cDNA library. Four independent cDNA clones were
isolated from 2 x 10° Agt10 phage plaques. The longest
contiguous AP-4 sequence obtained consisted of 1.9 kb
and contains an open reading frame encoding a protein
of 321 amino acids (Fig. 1A). Northern blot and primer
extension analyses indicate that there are ~240 nucleo-
tides at the 5’ end of the mRNA that are not present in
the cDNA (data not shown). It is therefore likely that
our longest cDNA sequence lacks some coding regions
as well as noncoding leader sequences. Further attempts
to obtain a full-length ¢cDNA clone for AP-4 from a va-
riety of other cDNA libraries were unsuccessful.

Two lines of evidence establish that the clone we iso-
lated encodes the AP-4 protein from HelLa cells. First,
five independent peptide sequences obtained from puri-
fied AP-4 are present in the amino acid sequence of AP-4
deduced from the DNA sequence (underlined in Fig. 1A}.
Second, the AP-4 cDNA was subcloned into a vaccinia
virus expression vector, and DNase I footprinting anal-
ysis confirmed that the recombinant AP-4 protein has
DNA binding specificity and affinity indistinguishable
from purified HeLa cell AP-4 protein, when assayed on
both the proenkephalin (Fig. 2B) and a-amylase promoter
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Dimerization of AP-4

1 AGGAAAACAGAGAAAGAAGTGATAGGAGGGCTCTGTAGCCTTGCCAACATTCCACTAACCCCCBAGACTCABCGGGACCAGGAGCEGCGGATTCGGCGGBAGATCGCCAACAGCAACGAG 120
RKTEKEVIGGELCSLANTIPLTITPETO QRDO GERR RI 40
121 CGGAGACGCATGCAGAGCATCAACGCGGGATTCCAGTCCCTCAAGACCCTCATCCCCCACACAGACGGAGAGAAGE TCAGCAAGGCAGCCATTCTCCAGCAGACAGCCGAGTACATETTC 240
; K T LI PHTDGEKTLSKAA 80
2asd
241 FGAGCAGGAGAAGACCAGGCTCTTGCAGCAGAACACACAGCTCAAGCGCTTCATCCAGGAGCTGAGCGGCTCGTCCCCCAAGCGACGGCGGGCAGAGGACAAGGACGAAGGCATA 360
0 EKTRLLOONTOLXKXRTFTIOQELSSGSSPKRRRAETDTKTDEG!I 120
361 GGLTCCCCGBACATCTGGGAGGACGAGAAGGCGGAGGACCTGCGGCGGGAGATGATTGAGCTGCGGCAGCAGCTGGACAAGGAGCGCTCEETGCGCATGATGCTGGAGGAGCAGGTGCGE 480
6 S PDIWEDET KSAEDLRREMTITELROOLDI KERSYVRMMLETERQVR 160
481 TCGCTGGAGGCCCACATGTACCCGGAAAAGCTCAAGGTGATTGCGCAGCAGGTGCAGCTGCAGCAGCAGCAGGAACAGGTGAGGCTGCTGCACCAGGAGAAGCTGGAGCGGGAACAGCAG 600
S LEAMNWNMYPEKLIKYI AQQVYQLOQOOOEOVRLLHQETZKTLTERET GO 200
601 CAGCTGCBGACCCAGCTTCTGCCCCCTCCGECCCCCACCCACCACCCCACGETGATCRTGCCAGCACCGCCTCCTCCTCCCTCCCACCACATCAATBTCGTCACCATGGECCCCTCLTCE 720
0O LRTOQLLP®PPAPTHHPTIVIVP A PP P S HHINVYVVYITMGEPSS 240
721 GTCATCAACTCTGTTTCCACATCCCGGCAAAATCTGGACACCATCGTGCAGGCAATCCAGCACATCGAGGGCACCCABGAAAAGCAGGAGCTGGAGGAGGAGCAGCGGCGAGCTETCATC 840
VI NSV STSROQGNLDTIVOATIOQOHTIEGTOQETZXDOE./L EEQ0ORR AV I 280
841 GTGAAGCCTGTCCGCAGCTGCCCGGAGGCCCCCACCTCTGACACCGCCTCCEACTCCGAGGCCTCAGACAGTGACGCCATEGACCAGAGCCGEGAGEAGCCGTCGGEGEACGEGGAGLTT 960
VKPVRSCPEAPTSDTASDSEHASDSDAMTE REEPSGD G E L 320
961 CCCTGACTACCCCCCCAGCCCTCCTCTCCCTTCTGGG66CTGEAGGGAGE CGBEGCAGCCACAGGGAGAGACATGGGCGAATGAGTGAGAAAT TTTTACAAAATTACGATGTCATTTGGG 1080
P *
1081 TCTCTTTTATGACCTCTTTTTCAATACTGTAAATCGACCTTTGAACGAAGCCACTCAACCCGAGGTCCCGGGGCTEREGTGTCECAGAGCTGTEEEAGCATCGGCACCCCAGGELEEE6C 1200
1201 CTCGGCCCCBGGGGCTGEAGGAAGCTGACACGGAGATGCCTGGCCTCTCTCTGCCAAAAAGCATTTTTTCCTTTAAATATGTTTTTTAAGAACAGGGAAAATTAAACAAAACCCCAGETT 1320
1321 ATTTCTTCCCTGCCCAGAGCCAGCCTGGGATTGTCAGCCTTCAATCCCCTTTCCTTCCTCTTTITGEETTTTCTTCTTITCTCCTTTAAGCACTTACATGRTTGE6GETAAGACTAGGCTE 1440
1441 GGGCATTCTGGGGGCCCGGAGGTCTCCGTTGCTTCTTGGTTGEGETTTGL TGCTECTGTECCCCCCTCLCCCTTCCCCATCTCGGCACTAGAATTCGCCACTCTCCCACCCCCCAGCCCC 1560
1561  CACCTCTGCCTCCAGGTCTCATCTTCCACCCCAAAAATGTCTGTCTCTCTCTTTTTGTTTTGTTTGTTGTTGGTTTTTTATTTCTTTTTGETTTGCTTTICTATITITETTITGTTTITCT 1680
1681 TTTTTTITCTITCTTITITITTITITTITACAATTTTGAGGTCTTCGTGTTCAAGGAGAAGCTATTATATTTTGT TAAGAAAGT GGGGAGAAAAAAAACCAAGAGGCCACCGTGCCTTTGTAA 1800
1801 AGAAACAAAATAAAGTTTGTACTTTGTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1872
B. C.
AP-4 TUPHTOGE - - <= == === =] 5
31 82 103 134 162 fZLaa
T N :
[ R IR = 1 | ESSEe | ] N-myc 8
tLLL LLELL Q,P-rich acidic M{?? ------- £
E47 RMCOMHLKSDKA= - -------=--- E
i e R'ﬂﬂ”égkﬁgf"' TRGoRGPHIL 3
Flgutg 1. DNA and amino acid sequence of AP-4. (A) The nu- A v ADLSNGRAG I CPOAN A
cleotide sequence of the cDNA and the deduced amino acid se-
quence of AP-4. The shaded sequences correspond to the con- HELIX 1 HELIX 11
served basic/HLH region; leucine residues of two putative leucine CNS. RR N ERR ¥ F L ¥ K K¥IL av vy v

repeats are highlighted. The underlined sequences indicate the
tryptic peptide sequences obtained from the purified HeLa cell
AP-4 protein. (B) Schematic representation of the AP-4 protein. (B)
Conserved basic stretch; (HLH) HLH motif; (LR1) first leucine re-
peat; (LR2) second leucine repeat. The amino acid numbers are
marked on the top. {C) Comparison of the B/HLH motif, leucine
repeats of AP-4 and other HLH, leucine repeat proteins. Identical
or related amino acids are boxed and noted as a consensus at the
bottom. § indicates hydrophobic residues. The relevant regions of
the following HLH proteins are shown: TFE3 {amino acids 134—
199; Beckmann et al. 1990), human c¢-myc (amino acids 346—-401;

KK T

Myc-like Leucine-Repeats:

AP-4 LRL LIEQEKTRILLQQNTQILIKRFIQE|L
TFE3 LIESRQRS|LEQANRS|L/OLRIOE|L
N-myc LIGAEEHOILLLEKEKJLIOARQQQIL
c-myc LJI SEEDLLJRKRREQUKHKLEQQL

Coiled-coil-like Leucine-Repeats:

AP-4 LRZ L{RREMIE|ILIRQQLDKERSVRMMILIEEQGV RS|L
C-jun e EKVYKTILIKAQRSEMASTANMUREQY AQL
C/EBP YT SONDR|LIRKRVYEQILSRELDT|LRGIFRAQL

GCN4 LJEDKVEEWLSKNYHUENEVYAR[LJKKEYV

Battey et al. 1983), human N-myc (amino acids 393—437; DePinho et al. 1987), MyoD (amino acids 108—164; Davis et al. 1987},

E12/E47 (amino acids 336—393; Murre et al. 1989), daughterless

{amino acids 554—613; Caudy et al. 1988), AS-C sc (amino acids

101-167; Villares and Cabrera 1987), and AS-C ac (amino acids 26—95; Villares and Cabrera 1987). The relevant regions of the

following leucine repeat proteins are shown: TFE3 (amino acids
DePinho 1987), c-myc (amino acids 413-434; Battey et al. 1983),
acids 315-342; Landschulz et al. 1988a), and GCN4 {amino acids

sequences (B. Lischer, unpubl.). Although the intact
HeLa cell AP-4 has the molecular weight of 48 kD on
SDS-PAGE (Mermod et al. 1988), the recombinant pro-
tein from the partial clone migrates as a 42-kD product

{Fig. 2A), even though the predicted molecular weight
should be 37 kD.

202-223; Beckmann et al. 1998), N-myc (amino acids 434-—455;
c-Jun (amino acids 289-316; Bohmann et al. 1987), C/EBP {amino
253-278; Hinnebusch 1984).

The deduced amino acid sequence of AP-4 reveals sev-
eral noteworthy features that are summarized in Figure
1B. First, between residues 31 and 82 there is a highly
conserved HLH motif and an adjacent amino-terminally
located stretch of basic amino acids, which, together,
most likely comprise the DNA-binding domain. This is
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Figure 2. DNA binding activity of AP-4 expressed from a recombinant vaccinia virus or by in vitro translation. (A) Purification of
vaccinia virus-expressed AP-4 by DNA affinity chromatography. Proteins were subjected to 10% SDS-PAGE and visualized by silver
staining. {Lane 1) Molecular weight standards; {lane 2) nuclear extract from HeLa cells infected with the recombinant vaccinia virus
{80 pg of protein); {lane 3) flowthrough fraction from the AP-4 affinity column (80 ug of protein); (lane 4) 1 M KCl eluate from the AP-4
affinity column (0.1 pg of protein). (B) DNase I footprinting analysis of recombinant AP-4 protein. Reactions were carried out as
described previously (Mermod et al. 1988) using a probe derived from the human proenkephalin promoter that contains an AP-4
recognition site (underlined to left of the footprint}. {Lane 1} Partial purine-specific cleavage products of the probe (A + G). Footprint
reactions were carried out with no AP-4 protein {lanes 2 and 6) or with increasing amounts of partially purified AP-4 protein (0.5 ng,
2.5 ng, and 12.5 ng) {lanes 3-5). |C) Electrophoretic mobility-shift assay {EMSA) of the in vitro-translated AP-4. The probe, designated
NM3/4, was a 32P-labeled oligonucleotide obtained from the SV40 enhancer sequence that contains an AP-4 binding site. The same
NM3/4 probe was used in all subsequent EMSAs. Reaction shown in each lane was carried out using the same amount of the in
vitro-translated AP-4 in the presence of [lane 1) no competitor DNA; {lanes 2—4) increasing amounts of poly|d{I-C}] nonspecific
competitor DNA (50 ng, 500 ng, and 3000 ng, respectively); (lanes 5—7} increasing amounts of specific competitor DNA (100 ng, 200

ng, and 500 ng, respectively).

consistent with the finding that the AP-4 binding site
(CAGCTG; Mermod et al. 1988} is similar to that of
other HLH proteins such as E12/E47 (CAGGTG,; Murre
et al. 1989a) or MyoD (CACCTG; Lassar et al. 1989).
However, unlike MyoD or E12/E47, AP-4 contains two
additional putative leucine repeat-type domains be-
tween residues 82 and 162. The first leucine repeat, LR1,
with four leucines at seven amino acid intervals, is im-
mediately carboxy-terminal to the HLH motif. This
leucine repeat does not contain the consensus features
of hydrophobic residues at the 3-4 position, and is there-
fore more similar to the leucine repeat found in the myc
protein [Battey et al. 1983; DePinho et al. 1987). The
second leucine repeat, LR2, is interrupted by the pres-
ence of a single glutamate residue in place of a leucine
residue, but has hydrophobic amino acids at every fourth
position, except one, and therefore fits more closely
with the consensus leucine repeats of proteins such as
C/EBP, Jun, and GCN4 (Bohmann et al. 1987; Land-
schulz et al. 1988b; O’Shea et al. 1989). Detailed com-
parisons of these motifs are shown in Figure 1C. Finally,
between residues 175 and 227, there is a glutamine-rich
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stretch (13 of 30) followed by a proline-rich sequence (11
of 20). In addition, the carboxy-terminal amino acid tail
is fairly acidic (17 of 59}. Thus, the carboxy-terminal half
of AP-4 contains several structural elements reminis-
cent of previously defined activation domains.

The basic/HLH motif is necessary and sufficient for
DNA binding

The unusual presence of multiple potential dimerization
motifs in AP-4 prompted us to address the function of
these domains. To characterize AP-4 DNA binding and
dimerization activities, we performed electrophoretic
mobility-shift assays (EMSAs) with in vitro-translated
AP-4 proteins (Hope and Struhl 1987). As shown in
Figure 2C, AP-4 binds specifically to a labeled oligonu-
cleotide containing the AP-4 recognition site,
CAGCTG. To determine the minimum region of the
AP-4 protein required for DNA binding, a series of car-
boxy-terminal deletion mutants were generated (Fig. 3,
bottom). Deletion mutants AC87, AC141, and AC222 all
bind the AP-4 recognition sequences {Fig. 3, top). The
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Figure 3. Localization of the minimum region of AP-4 re-
quired for DNA binding. The carboxy-terminal deletion mu-
tants were generated by digestion of the AP-4 cDNA template
at different restriction sites followed by in vitro transcription
and translation of the cDNAs. The resulting products were an-
alyzed by EMSA (top). AC87, AC141, and AC222 lack carboxy-
terminal 87, 141, and 222 amino acids, respectively (bottom).
PMa2 contains point mutations in the second amphipathic o-
helix of the HLH with prolines substituting for Ile(71) and
Leu(80). PML1 contains a point mutation replacing the second
Leu of LR1 with Pro. The band seen across the entire gel near
the top is due to a nonspecific DNA binding activity.

latter lacks the carboxy-terminal 222 amino acids con-
taining LR1 and LR2. In contrast, AC244, which lacks
part of the HLH region, and AC278, which retains the
conserved basic region but lacks the entire HLH region,
failed to bind DNA. Moreover, point mutant PMa2, in
which two amino acid substitutions have been intro-
duced in the second putative amphipathic a-helix of the
HLH region, also abolished DNA binding. In contrast,
PML1, which has a point mutation within LRI
(Leu2 — Pro), has no detectable effect on DNA binding.
These findings strongly support the notion that the
basic/HLH motif is necessary and sufficient to confer se-
quence-specific DNA binding activity and that the leu-
cine repeats of AP-4 are not essential for DNA recogni-
tion.

The HLH motif is not sufficient for homodimerization
of AP-4

The HLH motif has been demonstrated in HLH proteins

Dimerization of AP-4

such as E12 and E47, MyoD, etc., to be necessary and
sufficient for dimerization, as determined by EMSA
{(Murre et al. 1989b). It has also been reported that the
HLH motif is required for oligomerization of MyoD and
E12 in solution as judged by coimmunoprecipitation
(Davis et al. 1990). We therefore tested the potential in-
volvement of the HLH motif in dimerization of AP-4 in
the presence and absence of DNA binding sequences.
Different truncated forms of AP-4 were translated, cova-
lently cross-linked by treatment with glutaraldehyde,
and subsequently analyzed by SDS-PAGE. As shown in
Figure 4A, AP-4, AC87, and AC141 form homodimers,
whereas AC222. is unable to form stable dimers in the
absence of DNA template, even though this carboxy-
terminally truncated mutant contains a complete HLH
motif and binds sequence specifically to DNA, as deter-
mined by the EMSA. We also performed a cross-linking
experiment on the HLH double mutant, AC141/PMa2,
and found that it readily forms dimers in solution (Fig.
4B). These experiments indicate that, unlike other pre-
viously studied HLH proteins, the HLH domain of AP-4
is not sufficient and may not even be necessary for dimer
formation in the absence of DNA, presumably because
there are other dimerization regions in AP-4. This is the
first hint that one or more of the leucine repeats present
in AP-4 may play an important function in directing
dimer formation.

We also analyzed the ability of AP-4 to form protein—
protein complexes in the presence of DNA by EMSA. As
expected, when various AP-4 deletion mutants are indi-
vidually assayed for DNA binding, only one shifted band
of protein—-DNA complex is observed (Fig. 5A, lanes
2—-4). However, when either AC87 and ACl141 or the
longest AP-4 and AC141 are cotranslated, an additional
shifted band with intermediate mobility is observed, in-
dicating the presence of heteroligomers, most likely het-
erodimers {lanes 7 and 9). In contrast, no intermediate
bands representing heterodimer complexes are observed
by mixing different truncated AP-4 proteins after sepa-
rate in vitro translation (data not shown), suggesting
that specific protein—protein complexes form in solu-
tion before binding to the target DNA sequence. More-
over, this finding suggests that once homo- or hetero-
dimer complexes are formed, they remain stable within
the time course of the experiments and do not readily
exchange subunits. Interestingly, when AP-4, AC87, or
AC141 were cotranslated with AC222 (which lacks LR1
and LR2), no intermediate shifted bands were observed
(lanes 8, 10, and 11). These findings, combined with the
cross-linking results, suggest that AC222, which retains
sequence-specific DNA binding activity, is a monomer
in solution, whereas the longer proteins exist as dimers
and no evidence for tetramer or higher order structures
was obtained. Moreover, AC222 is unable to form com-
plexes with the longer species, even in the presence of
DNA, presumably because this carboxy-terminally
truncated protein lacks both LR1 and LR2 and is there-
fore precluded from forming dimers with the longer ver-
sions of AP-4.
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Figure 4. Glutaraldehyde cross-linking of in vitro-translated AP-4 and its derivatives. (A} In vitro-translated proteins were purified by
DNA affinity chromatography and equal portions of the eluates were subsequently treated with 0% (0] or with 0.001% glutaraldehyde
for 20 min (20') or 1 hr (1h). Samples were then resolved by either 12% (AP-4 and AC87) or 18% SDS-PAGE (AC141 and AC222). (M)
Monomer; (D) dimer. (B) In vitro-translated proteins in crude reticulocyte extract were untreated (0) or treated with 0.001% glutaral-
dehyde for 1 hr (1h). The products were analyzed on 12% SDS-PAGE. The molecular weight standards are shown at right.

The two leucine repeats of AP-4 direct a hierarchy of surmise that a specific protein—protein interface must
dimerization interactions be located in the region between residues 82 and 180.
The amino acid sequence in this region reveals two pu-

We have shown that AP-4 forms a dimer but that the tative leucine repeats, LR1 and LR2. To map the active
HLH motif is not required for this activity. Because dimerization domains more precisely, a number of addi-
AC141 dimerizes in solution but AC222 does not, we tional deletions were generated and the resulting trun-

Formation of Complexes with
AP-4 in Gel-shift Assay
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Figure 5. Dimerization properties of in vitro-translated AP-4 and its derivatives analyzed by EMSA. [A) Gel-shift reactions were
carried out with reticulocyte lysates containing no RNA (lane 1); in vitro-translated AP-4, AC87, AC141, and AC222 proteins, respec-
tively (lanes 2-5); AP-4 and AC87 cotranslation products (lane 6); AP-4 and AC141 cotranslation products (lane 7); AP-4 and AC222
cotranslation products (lane 8); AC87 and AC141 cotranslation products (lane 9); AC87 and AC222 cotranslation products (lane 10);
AC141 and AC222 cotranslation products (lane 11). The expected difference in the mobility of AP-4 and AC87 complexes is not
observed in this gel system. The acidic carboxy-terminal tail of AP-4 may be responsible for its faster mobility in this gel system. (B)
Role of LR1 and LR2 in dimer formation. Additional carboxy-terminal deletions were generated by digestion of AP-4 template DNA
with BAL-31 nuclease. The dimerization between the longest AP-4 and its truncated derivatives was analyzed by EMSA. In this assay,
AC187 formed a faster migrating complex than AC194. This may be due to the absence of acidic residues at the carboxy-terminal end
of the AC194 protein. (C) Representation of the AP-4 derivatives. The ability of each form to participate in complex formation with
AP-4 is summarized at right.
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cated products were assayed for dimer formation by
EMSA (Fig. 5B). The results are summarized in Figure
5C. Mutant AC160, like AC141, is able to form a hetero-
dimer with full-length AP-4. In contrast, AC187 and
AC194 behave like AC222 and bind DNA specifically
but do not form an intermediate band in the EMSA in
the presence of the longest AP-4. Moreover, a point mu-
tation in LR1, in which the second leucine has been re-
placed with proline, had no measurable effect on dimeri-
zation (data not shown). We conclude from these studies
that the carboxy-terminally located leucine repeat, LR2,
is essential for dimerization of AP-4 in solution and that
LR1 is not required for dimerization when LR2 is
present.

To address the question of whether LR1 could also
participate in dimerization if we removed LR2, we per-
formed EMSA and cross-linking experiments using
AC187, which lacks LR2. Figure 6A shows that cotrans-
lation of AC187 and AC222 does not result in the forma-
tion of heteromeric complexes, as determined by the
EMSA. However, AC187 can form homodimers in the
absence of DNA, as determined by chemical cross-
linking (Fig. 6B). These results indicate that in the ab-
sence of LR2, LR1 assumes the responsibility for dimer
formation in solution. Taken together with our other
findings, we conclude that both LR1 and LR2 can con-
tribute to the formation of stable AP-4 homodimers.
However, LR2-mediated dimerization takes precedence
over LR1-mediated dimerization.

AP-4 lacking the leucine repeats can heterodimerize
with E12

Earlier, we performed EMSA with AP-4 and other HLH
proteins such as E12 to test whether AP-4 also partici-
pates in the HLH regulatory network. We found that
AP-4 is unable to form complexes with E12 (data not
shown). This was puzzling because it has been well-doc-
umented that an intact HLH domain is usually suffi-
cient for dimer formation. In light of the results con-
cerning the dominant dimerization activity of the leu-
cine repeats in AP-4, we were prompted to reevaluate
the intrinsic capacity of the AP-4 HLH to form heterolo-
gous dimers with E12. In particular, we wished to test
the possibility that in the absence of LR1 and LR2, the
HLH motif of AP-4 would be sufficient to direct hetero-
dimers with E12. Analysis of complexes by EMSA re-
veals that, unlike the behavior of other AP-4 derivatives,
AC222 can indeed form a complex with the HLH protein
E12. Moreover, AC222 and E12 can form heterocom-
plexes on DNA even after mixing of the individually
translated products {Fig. 6C). These results suggest that
the HLH motif of AP-4 is intrinsically capable of dimer
formation with other HLH proteins, at least in the pres-
ence of DNA-binding sites. However, in the presence of
the leucine repeats, AP-4 is unable to heterodimerize
with E12. Apparently, the dominant effect of LR2 and
LR1 in AP-4 is to preclude dimerization interactions
with molecules that only contain HLH domains and, in-
stead, favors homodimer formation of full-length mole-
cules containing multiple interfaces. When LR2 is de-

Dimerization of AP-4

tected, the truncated protein can form homodimers
using the HLH motif and LR1. When both LR1 and LR2
are deleted, leaving only the HLH intact, then the trun-
cated AP-4 protein can complex with heterologous HLH
proteins on DNA. Because a mutant LR1 (PML1} has the
same dimerization potential as wild-type AP-4, we con-
clude that LR1 is not essential and that LR2 is the domi-
nant dimerization motif. Thus, there may be a hierarchy
of protein—protein interactions directed by multiple di-
merization motifs in AP-4.

Discussion

Here, we report the molecular cloning of transcription
factor AP-4 and the characterization of its DNA binding
and dimerization properties. A novel feature of AP-4 is
the presence of three separate and functional dimeriza-
tion domains, which include an HLH motif and two dis-
tinct leucine repeat elements, LR1 and LR2. Analyses of
mutant AP-4 molecules in vitro indicate that the HLH
and adjacent basic domain are necessary and sufficient
to direct sequence-specific DNA binding to its recogni-
tion element, CAGCTG. However, AP-4 requires LR2 to
form a stable homodimer in solution. Interestingly, LR1
provides dimerization function if LR2 is deleted. If both
leucine repeats are deleted, the HLH can now form a het-
erodimer with other HLH proteins in the presence of
target DNA, whereas the longer AP-4 can form only ho-
modimers (Fig. 7). Therefore, AP-4 contains three sepa-
rate motifs that can participate in dimerization activity.
Why does AP-4 have multiple functional dimerization
domains? A priori, it seemed reasonable to suggest that
one or more of these potential protein—protein inter-
faces may play a role in directing the formation of te-
tramers, or higher order structures. Thus far, a variety of
experimental techniques, including chemical cross-
linking and EMSAs, have failed to provide any evidence
for higher-order structures other than dimers. We have
not, at present, excluded the possibility that dimers of
AP-4 dimers can form under some conditions, but have
no compelling reason to postulate their existence.

An alternative hypothesis for the presence of three
distinct dimerization elements in AP-4 is that this tran-
scription factor has evolved to interact selectively with a
variety of different partners and therefore would provide
a large number of possible hetero-multimer configura-
tions, in which each combination may give rise to
unique DNA binding or transcriptional properties,
perhaps generating tissue specificity in the resulting
dimers. For example, it is conceivable that AP-4 could
form stable oligomers with members of the leucine re-
peat family of transcription factors as well as the
growing family of the cell-type-specific and ubiquitous
HLH proteins. Systematic mutagenesis of dimerization
domains indeed reveals that heterodimers between a
truncated AP-4 molecule and another HLH protein, E12,
can form, when the leucine repeat elements, LR1 and
LR2, are deleted. In contrast, full-length AP-4 is inca-
pable of forming heterodimers either with E12 and other
HLH proteins, or with B-zip proteins such as Jun, Fos,
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Figure 6. Characterization of the role of LR1 and
HLH in dimerization. {A} Cotranslated AP-4 deriva-
tives AC187 and AC222 do not dimerize with each
other as analyzed by EMSA. AC187 and AC222 were
translated either separately {ACI87, AC222} or to-
gether in the same reaction mixture [ACI87 &
AC222) and the translation reactions were tested in
the mobility-shift assay. (B) Glutaraldehyde cross-
linking of AC187. In vitro-translated AC187 was pu-
rified by DNA affinity chromatography and treated
with no glutaraldehyde (0), 0.001% glutaraldehyde
for 20 min (20’), or 1 hr (1h) and the products were
resoved on a 18% SDS-PAGE. (M| Monomer; {D)
dimer. (C) Complex formation between AP-4 deriva-
tives and E12/E47. E47S {lane 1), E12R (lane 2),
AC222 {lane 3], and AC141 (lane 4) were translated
independently and analyzed by EMSA. (Lanes 5-7) '
E12R and E47S were cotranslated in the same reac-
tion mixture. The EMSA was carried out with no
specific competitor, 100 ng of unlabeled NM3/4,
and 100 ng of NM25/26, respectively. NM25/26
differs from NM3/4 by 2 bp in the binding site
(CAGCTG — CAGCGT). In lanes 8-11, the two
proteins indicated above each lane were generated
separately but mixed with the DNA probe in the
mobility-shift assay. No specific competitor {lane 8),
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100 ng of NM3/4 (lane 9}, or 100 ng of NM25/26 (lane 10) were included in EMSA. Same results were obtained when the two p{oteins
were cotranslated in the same reaction mixture (data not shown). The arrow at right corresponds to the heterodimer positions of
E12R/E47S and E12R/AC222. E12R is the full-length E12 and has no detectable binding activity (Murre et al. 1989b); E47S is a

derivative of E47 containing B/HLH region {Murre et al. 1989a)

GCN4, etc. (data not shown). Instead, our findings,
taken in toto, suggest that the presence of multiple pro-
tein interfaces serves to restrict the formation of hetero-
dimer complexes. Apparently, homodimers held to-
gether by three separate protein interfaces generate an
extremely stable complex into which truncated AP-4
molecules or related factors containing only one or two
dimerization motifs are unable to penetrate. Conse-
quently, we are prompted to conclude that the major
purpose of tandem dimerization domains within a single
polypeptide serves to direct selective complex formation
and prevent the incorrect combinations from occurring.
This feature may be especially important for transcrip-
tion factors such as AP-4, where its presence in several
different cell types may severely interfere with the ac-
tivity of other HLH or leucine repeat factors.

Although other DNA-binding proteins with a similar
tripartite dimerization configuration have not been
identified yet, it is conceivable that there exists in the
cell one or more proteins that would readily pair with
AP-4 through interactions with the proper combination
of HLH and leucine repeats in the appropriate spatial
register, to form stable heterodimers. For example, LR1
may have a more profound role than merely contrib-
uting to the homodimer stability in the intact AP-4 mol-
ecule. One could imagine that in vivo, if LR2 is inacti-
vated by post-translational modification, specific pro-
tease digestion or other mechanisms, AP-4 may display
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a different dimerization specificity through the HLH and
LRI. In other words, the multiple dimerization inter-
faces in AP-4 may not only offer a secure mechanism for
homodimer formation but also provide a potential for
more elaborate regulation and specificity. When anti-
bodies directed against AP-4 become available, it should
be possible to detect these putative heteromeric com-
plexes by coimmunoprecipitation because these hetero-
dimers are expected to be stable in solution.

The presence of multiple dimer interfaces brings to
mind another noteworthy aspect of AP-4 structure. In
most other cases of bona fide transcription factors that
have been studied, HLH or leucine repeat domains have
been associated with a basic DNA-binding domain. In
fact, almost without exception, the dimerization do-
main of factors such as Jun, Fos, C/EBP, MyoD, TFE3,
etc., comprise the structural framework for orienting the
DNA-binding domain. Thus, disruption of the dimer in-
terface simultaneously obliterates a functional DNA-
binding domain. In the case of intact AP-4, the HLH
dimer domain indeed appears to provide just such a scaf-
folding structure for the adjacent DNA-binding region.
However, unlike other well-characterized B-zip tran-
scription factors, the leucine repeats of AP-4 are not
physically linked to the DNA-binding domain and, in
fact, are totally dispensable for DNA recognition. Thus,
the leucine repeats of AP-4 define a new function, which
is independent for DNA binding and instead serves
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Figure 7. Summarization of the dimerization properties of AP-4 and its derivatives. Circular, oblong, and linear connections between

two monomers represent the protein—protein interfaces.

strictly as a dimer interface. It is not difficult to imagine
that some sequence-specific transcription factors may
have weak B-zip DNA-binding domains and use strong
HLH motifs as secondary dimerization interfaces. Re-
cently, a number of putative regulatory transcription
factors have been identified that contain a functional
HLH dimerization domain but no associated basic DNA
recognition sequences (Benezra et al. 1990; Ellis et al.
1990). Thus, the general principle that different classes
of protein—protein interfaces can be used to specify di-
merization for purposes other than generating DNA-
binding sites has become more established.

It is intriguing that LR1 and LR2 represent two fairly
divergent types of leucine repeats. LR1, which is directly
adjacent to the HLH motif, is reminiscent of the struc-
tures found in Myc and TFE3 (Battey et al. 1983; De-
Pinho et al. 1987; Beckmann et al. 1990). Despite the
superficial similarity between Myc and AP-4, we have
not detected any heterodimer formation between these
two molecules. In contrast, LR2, which is not directly
connected to the HLH region, resembles a more conven-
tional Leu repeat, although one of the five Leu residues
has been replaced by a glutamic acid residue. It has been
shown that a c¢-Fos variant, which contains an Arg in
place of one of the internal Leu residues, still dimerizes
with Jun, suggesting that hydrophilic amino acids can be
tolerated in the coiled-coil interface (Kouzarides and Ziff
1988). Furthermore, Lys residues are often found at the
3-4 position of myosin coiled coils, presumably because
the methylene groups of the Lys side chain can make
hydrophobic contacts while the charge is exposed to sol-
vent (O’Shea et al. 1989). A similar replacement, Asn for
Leu, was observed for one of the yeast AP-1 proteins
{Moye-Rowley et al. 1989). Interestingly, when the Asn

residue of yAP-1 was mutated to a Leu, DNA binding
was abrogated rather than enhanced (C. Parker, pers.
comm.). This finding suggests that the placement of a
residue other than Leu (i.e., Asn or Glu) at this position
may actually play some role in the structural integrity
and function of the protein. It is therefore possible that
the glutamic acid residue in LR2 is also important for
dimerization specificity and/or affinity. In this respect,
it is worth pointing out that the only nonhydrophobic
residue at the fourth position in LR2, an Arg residue,
occurs next to the Glu residue on the putative helix. The
positioning of these opposite charged residues, when
paired in a coiled-coil fashion, may help decrease charge
repulsion between Leu repeats. Additional experiments
will be required to assess the significance of these dif-
ferent Leu repeat structures.

In this study, we have not addressed the important
question of the transcriptional properties of AP-4. How-
ever, our curiosity about the role of AP-4 in animal cells
has become heightened by the unusual organization of
multiple dimerization motifs and the presence of mul-
tiple potential activation domains, which include Gln-
rich, Pro-rich, and acidic domains located toward the
carboxyl terminus. We are also intrigued by the recent
finding that AP-4 mRNA expression correlates with the
exocrine function of pancreas cell lines (B. Liischer, un-
publ.). This latter finding is also consistent with a recent
report suggesting that an AP-4-like molecule, in combi-
nation with another cell-type-specific regulatory factor,
could direct the tissue-specific transcription of a-amy-
lase in pancreatic cells (Roux et al. 1989; Fodor et al.,
unpubl.}. The previously documented ability of AP-4 to
synergistically activate transcription in vitro with other
factors such as AP-1 (Mermod et al. 1988) suggests that
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specific protein—protein interactions may be crucial to
its role as a cell-type-specific regulator. These important
issues will be the subject of subsequent studies.

Materials and methods
Purification of AP-4 and peptide sequencing

Human AP-4 was purified by combination of conventional
chromatography and sequence-specific DNA affinity chroma-
tography as described in Mermod et al. {1988) with substitution
of lauryldimethylamine oxide (LDAO, Calbiochem) for NP-40.
The purified proteins consist of two major polypeptides of 116
and 48 kD as judged by SDS-PAGE and silver staining. To re-
move the 116-kD contaminant, the proteins were precipitated
with trichloroacetic acid (TCA) and washed twice with ace-
tone, followed by resuspension in 8% triethylmamine (TEA)
and incubation for 30 min at 65°C. Tris-HCI (pH 7.4) was added
to 5 mM final concentration, and the pH was adjusted to 8.5
with 10% acetic acid and incubated on ice for 30 min. The pro-
tein mix was spun in a Beckman TL100 ultracentrifuge for 30
min at 30,000 rpm, 4°C, and the supernatant, which was free
of the 116-kD protein, was digested overnight with trypsin at
37°C. The peptides were resolved by reverse-phase HPLC on a
Cis column as described in Bohmann et al. (1987). The peptides
were collected directly onto the glass fiber filters that had been
premodified with polybrene and precycled on the Peptide Se-
quencer. Peptide sequencing was performed on a 477A Protein
Sequencer {Applied Biosystems).

Isolation of a recombinant clone encoding AP-4

Two oligonucleotides, 5'-GCCCTCIATGTGCTGGATGGC-
CTGCACIATGGTGTCIAGGTTCTG-3' and 5'-CAGGTGCA-
GCTGCAGCAGCAGCAGGAGCAG-3’, were designed on the
basis of the sequences of two tryptic peptides, QNLDTIV-
QAIQHIEG and QVQLQQQQEQ of AP-4, according to Lathe
(1985). The 5’-end-labeled oligonucleotides were used to screen
a HeLa cell cDNA library in Agt10 as described by Kadonaga et
al. (1987, except that the final washes of the nitrocellulose
filters after the hybridization were done at 52°C. Two positives
were obtained from the first screening of one million phage
plaques. An internal EcoRI site was present in the insert of the
larger recombinant clone, and the larger EcoRI fragment of this
insert was used to screen another 108 phage plaques in the HeLa
cell cDNA library. The inserts of four independent clones were
subcloned into the EcoRI site of pBluescriptSK* (Stratagene).
Nested deletions in the cDNAs were then prepared according to
the manufacturer’s instructions (Stratagene). Deletion mutants
containing overlapping segments of the cDNAs were sequenced
on both strands according to Sanger (1977). The four indepen-
dent cDNA clones showed extensive sequence overlaps. The
two longest cDNAs were fused at a common Pstl restriction
site to give the AP-4 cDNA (pBSAP4] shown in Figure 1A.

Expression of AP-4 in Hela cells by vaccinia virus expression
vector

To construct a vaccinia virus expression vector carrying AP-4
sequences, the pBSAP4 DNA was cleaved with HindIll and
Smal, the ends were filled-in with Klenow fragment, and the
insert was purified and subcloned in-frame into a Smal-cut vac-
cinia expression vector (pAbT4537, kindly provided by Applied
BioTechnology, Inc.]. Recombinant virus was generated as de-
scribed (Chakrabarti et al. 1985). HeLa cells were infected with
the recombinant virus, and nuclear extracts were prepared as
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described (Dynlacht et al. 1989). As a control, HeLa cells were
infected in parallel with a New York City Board of Health
strain of vaccinia (kindly provided by Applied BioTechnology,
Inc.). The crude nuclear extract was first partially purified by
heparin-agarose chromatography essentially as described by
Perkins et al. (1988), and the 0.8 M KCI eluate was purified fur-
ther by DNA affinity chromatography as described previously
{(Mermod et al. 1988).

In vitro transcription and translation

The in vitro transcription/translation vector pT7BAP4 was
constructed by ligation of the EcoRI fragment of the AP-4
¢DNA into the Ncol-Hincll sites of T7BSall [a pGEM4 deriva-
tive containing the B-globin leader sequence downstream of the
T7 polymerase promoter, kindly provided by Norman and
Treisman {1988)] in the proper reading frame. The deletion mu-
tants were generated by cutting of the construct at the various
restriction sites or by digestion of the DNA with BAL-31 nu-
clease from the only Pstl site (at AC141 position) and subse-
quent ligation of Pstl linker. About 2 pg of linearized DNA
template was transcribed in vitro in a 50-p] reaction for 30 min
at 37°C, using T7 RNA polymerase in the presence of RNasin.
The resulting RNAs were purified by phenol extraction and
ethanol precipitation. In vitro translations were carried out in
rabbit reticulocyte lysates (Promega) according to the manufac-
turer’s instructions in the presence of [33S|methionine (see also
Turner and Tjian 1989).

DNA-binding assay

DNase I footprinting assay was carried out as described by
Mermod (1988) except that the probe used contained proenke-
phalin promoter sequences.

EMSA was performed as follows: A double-stranded oligonu-
cleotide containing an AP-4 site, designed NM3/4 (top strand
5'-GATCACCAGCTGTGGAATGTGTGT-3’; bottom strand 5'-
GATCACACACATTCCACAGCTGGT-3') was labeled at both
ends by filling in with Klenow fragment in the presence of
[a-32P][dGTP. Labeled DNA probe (0.4 ng; 10* cps) was incu-
bated with 4 pl of the translated or untranslated reticulocyte
lysate. The binding reactions were carried out at room tempera-
ture for 15 min in the presence of 20 mm HEPES-KOH (pH 7.9),
50 mm KCl, 4 mm MgCl,, 4 mm spermidine, 0.2 mm EDTA, 0.5
mM DTT, 0.05% (vol/vol] NP-40, and 20% (vol/vol) glycerol.
Poly|d(I-C}] (500 ng) was added as nonspecific competitor DNA,
unless otherwise indicated in the figure legends.

Glutaraldehyde cross-linking analysis

In vitro-translated proteins were purified by DNA affinity chro-
matography and eluted with buffer Z {25 mm HEPES-KOH (pH
7.5), 12.5 mm MgCl,, 20% (vol/vol) glycerol, 0.1% NP-40, 1 mm
DTT, and final pH adjusted to 7.7] to which 1 M KCl was added
as described by Turner and Tjian (1989). When the cross-linking
reactions were performed in the crude reticulocyte extract, the
samples were diluted 15-fold prior to the addition of glutaralde-
hyde. Equal portions of the eluates or crude extract were treated
with 0.001% glutaraldehyde for the amount of time indicated
in the figures. Samples were then precipitated with TCA and
subjected to electrophoresis on 12 or 18% {wt/vol) polyacryl-
amide~SDS gels, and the dried gels were fluorographed.
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Transcription factor AP-4 contains multiple dimerization domains that
regulate dimer specificity.
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