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Alternative Forms of Max as Enhancers or
Suppressors of Myc-Ras Cotransformation

Tomi P. Makela, Paivi J. Koskinen, Imre Vastrik, Kari Alitalo*

Max is a basic-helix-loop-helix-leucine zipper protein capable of forming sequence-spe-
cific DNA binding complexes with Myc proteins. An alternatively spliced messenger RNA
has been identified that encodes a form of Max truncated at the COOH-terminus. This
AMax protein retained the ability to bind to the CACGTG motif in a complex with c-Myc but
lacks the nuclear localization signal and the putative regulatory domain of Max. When
tested in a myc-ras cotransformation assay in rat embryo fibroblasts, Max suppressed,
whereas AMax enhanced, transformation. Thus, the maxgene may encode both a negative

and a positive regulator of c-Myc function.

Members of the myc gene family have been
implicated in the control of normal cell
proliferation as well as in neoplasia (1). A
more direct role for myc genes in transforma-
tion is indicated by their ability to transform
primary rat embryo fibroblasts in association
with the c-Ha-ras oncogene (2). Adjacent
basic-helix-loop-helix (bHLH) and leucine
zipper (Zip) DNA binding and dimerization
motifs (3) in the COOH-terminus of Myc
proteins are similar to motifs found in several
E-box-binding transcriptional regulators
(4). The ability of Myc to bind to an
E-box—containing core sequence CACGTG
(5) is enhanced by heterodimerization with
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the bHLH-Zip protein Max (6-8).

We amplified max-specific sequences
from human erythroleukemia cell (HEL)
c¢DNA by the polymerase chain reaction
(PCR) (9). Analysis of the PCR products
revealed two separate bands of about 500
and 600 base pairs (bp). Sequence analysis
indicated that the larger band contained a
101-bp insert in the middle of the coding
sequence (Fig. 1A). Further PCR studies
from human, mouse, and rat genomic DNA
indicated that the additional sequence was
derived from an alternatively spliced exon
(Fig. 1B) that is conserved in evolution

(10).
This alternative exon introduced an in-
frame translation termination codon,

which predicted the formation of a truncat-
ed Max polypeptide (AMax) that consisted
of 103 amino acids. The 98 NH,-terminal
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amino acids of AMax were identical with
those of Max, while the 5 COOH-terminal
amino acids of AMax were derived from the
alternative exon. Thus, the AMax protein
was expected to contain an almost intact
bHLH-Zip domain but to lack 62 COOH-
terminal amino acids (Fig. 1C). Similar to
Max (6, 7), AMax has two alternative
forms with or without an insert of 9 amino
acids near the NH,-terminus. Because this
insert also probably results from alternative

comparison of the Max and AMax proteins. The amino acid sequence
GESES encoded by the intemal exon of AMax is shown in black. Positions of amino acids that contributed to the leucine zipper are denoted by spikes. BR,
basic region; HLH/Z, helix-loop-helix-leucine zipper domain. (D) Poly(A)* RNA (2 ng) from the indicated cell lines or yeast tRNA (YtRNA) (10 pg) was
hybridized to a 276-bp *?P-labeled antisense probe spanning from the alternative exon to the following 3’ exon. The 266- and 207-bp protected bands
represent the Amax and max mRNAs, respectively. Origins of the human cell lines tested: HEL and K562, erythroleukemia; A549, lung adenocarcinoma; H358,
H345, CORL88, and CORL47, small cell lung carcinoma; Hel a, cervix carcinoma.

splicing, the coding region of max would be
expected to consist of at least five exons.
To confirm that the Amax cDNA clones
represented a naturally expressed form of
max, we conducted ribonuclease (RNase)
protection assays as described (11). In the
various cell lines tested, two major RNase-
resistant bands of ~266 and 207 bp were
observed (Fig. 1D); minor bands below the
latter resulted from partial RNase digestion.
The 266- and 207-bp bands corresponded

Fig. 2. Formation of hetero- 3 o
oligomeric complexes be- A . B i gt c *3‘;
tween Max, AMax, and 4 o8 T A g St
, : & & & P § ¢ ¥
c-Myc protgins. (A) SDS- cas ox"z,." 2 \l ."i,.v L S ﬁ: ﬁ; *vgﬁ
polyacrylamide gel electro- FIES @ SFFFFSFE  FFESE

phoresis of reticulocyte ly- —

sates programmed  with . | L -

RNAs (22) indicated above e |

the RL lanes. After separate ° | ;” = e [ TP,
in vitro translations, the indi- 45 S =

cated lysates were mixed oo

and immunoprecipitated with i |

anti-Myc antiserum (24). (B) 30- R

Indicated combinations of

c-Myc, Max, and AMax con- — - -_ Si—— o
taining lysates were mixed

and immunoprecipitated with e -
antisera shown at the bottom RL anti-Myc anti-Myc Pre anti-Max C +MSoligo

of the gel. The specificity of

the anti-Max antibody was controlled with preimmune serum (Pre) or immune serum blocked with
the B-galactosidase-Max fusion protein (Max + block). (C) Indicated combinations of c-Myc—, Max-,
and AMax-containing lysates were mixed and immunoprecipitated with anti-Myc antiserum in the
absence (C) or presence (+ MS oligo) of double-stranded Eyg oligonucleotide (0.5 ng). Both the
Max and AMax proteins used contained the insert of nine amino acids except in the first and fourth
lanes of (A), where a Max protein that lacked this region was used.
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to the expected sizes of bands produced by
Amax or max mRNAs, respectively, and
could also be detected in the normal tissues
tested (12). In most cases, the AMax
mRNA was expressed in small amounts, but
significant cell line—specific differences in
the max/Amax ratio were observed in
Northern (RNA) blot analysis also, which
suggests the possibility of regulation of the
two mRNA forms.

Analysis of in vitro-transcribed and
translated AMax revealed a polypeptide
with an apparent molecular size of 16.5 kD
in comparison to a similarly analyzed Max
protein of 22 kD (Fig. 2A). When mixed
with a c-Myc lysate, both AMax and Max
were detected after immunoprecipitation
(13) with an anti-Myc antiserum, which
indicated that both proteins interacted with
c-Myc in vitro (Fig. 2A). To confirm these
results, we used a polyclonal antiserum
raised against a B-galactosidase-Max fusion
protein that contained COOH-terminal se-
quences of Max (10). This antiserum spe-
cifically recognized Max, but not AMax or
c-Myc (Fig. 2B). When lysates that con-
tained c-Myc or AMax in addition to Max
were analyzed with anti-Max, we observed
coprecipitation of both c-Myc and AMax.
Coprecipitation of AMax in the absence of
c-Myc indicated that Max and AMax also
can form heteromeric complexes in vitro.

When a mixture that contained similar
amounts of all three proteins was subjected
to immunoprecipitation with the anti-Myc



Fig. 3. Electrophoretic mo-
bility-shift assay analysis of
c-Myc, Max, and AMax pro- A
teins. (A) The labeled Epyg
oligonuclectide was incu-
bated with reticulocyte ly-

sates that contained no RNA
(RL), with in vitro—translated
c-Myc, Max, or AMax pro-
teins, or with combinations
of these as indicated above
the lanes. MS, double-
stranded Eyg oligonucleo-
tide. Inthe + 100x MS lane,
a 100-fold molar excess of
cold oligonucleotide was
used as a competitor. Spe-
cific shifted complexes are
indicated by arrowheads.
(B) Binding of a COOH-ter-
minal fragment of c-Myc

Myc |

Max b

(CtMyc) was analyzed alone or in combination with Max or AMax. In addition
to the shifted complexes with each protein alone, hetero-oligomeric complex-
es with intermediate mobilities between CtMyc and AMax (Ct/AMax) or

antiserum, more abundant amounts of Max
than AMax were coprecipitated (Fig. 2C).
When oligonucleotides that contained the
Myc-binding sequence were added to the
immunoprecipitates, the relative amount of
coprecipitating AMax protein increased,
while the amount of Max decreased (Fig.
2C), which suggests stabilization of the
c-Myc-AMax complex in the presence of
DNA binding sites.

We next studied the binding of ¢-Myc,
Max, or AMax to **P-labeled Eyg oligonu-
cleotide in the electrophoretic mobility-
shift assay (14). Shifted complexes specific
for each protein were observed (Fig. 3A),
although the complex obtained by c-Myc
alone was weak. When lysates that con-
tained Max or AMax were mixed with the
c-Myc lysate before the binding reaction
(14), the weak complex obtained with the
c-Myc lysate alone was strengthened in
intensity (Fig. 3). As reported (7), no

CtMyc

¢
5=
+ Lt Max
4 Ct/Max
Ct/AMax b

AMax b ]

_.

complexes of intermediate mobility were
observed, perhaps because of the poor sol-
ubility of the full-length ¢-Myc protein in
the conditions used. Therefore, we used in
vitro—translated COOH-terminal ¢-Myc
protein (CtMyc) that contained only the
bHLH-Zip domains (15, 16). Incubation of
the Eyg oligonucleotide with a CtMyc ly-
sate resulted in a complex that migrated
slightly slower than the Max complex (Fig.
3B). If either AMax or Max was mixed with
CtMyc, stronger shifted bands of interme-
diate mobilities were observed (Fig. 3B),
which indicated binding of heteromeric
complexes. This result was confirmed by
specific antisera against CtMyc or Max
(Fig. 3C). An anti-Myc antiserum directed
against the COOH-terminal region of
c-Myc abolished formation of the Ct/AMax
heteromeric complexes and diminished the
band corresponding to the CtMyc homo-
meric complex, while anti-Max super-

Table 1. Effects of the two forms of Max on the transforming activity of c-Myc in vivo. Rat embryo
fibroblast cells were transfected with the indicated plasmids (20). Transformed foci were scored 14
days after transfection. Each number represents the sum of transformed foci from five plates. Exp.

experiment; ND, not determined.

Transformed foci Average
Plasmids transfected number
Exp. 1 Exp. 2 Exp. 3 of foci
pGEJ(6.6) 0 0 0 0
pGEJ(6.6) + LTR-Max 0 0 0 0
pGEJ(6.6) + LTR-AMax 0 0 0 0
pGEJ(6.6) + SV-myc 25 42 43 37
pGEJ(6.6) + SV-myc + LTR-Max 5 18 19 14
pGEJ(6.6) + SV-myc + LTR-AMax 125 89 90 101
pGEJ(6.6) + SV-myc + LTR-Max + LTR-AMax ND 39 39 39
pSV2neo + pGEJ(6.6) 0 0 0 0
pSV2neo + pGEJ(6.6) + SV-myc 47 19 29 32
pSV2neo + pGEJ(6.6) + SV-myc + LTR-Max 6 0 2 3
pSV2neo + pGEJ(6.6) + SV-myc + LTR-AMax 212 47 58 106
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CtMyc and Max (Ct/Max) are also indicated. (C) The presence of CtMyc and
Max proteins in the heteromeric complexes was tested with the indicated
antibodies. Asterisk, Max-containing complexes supershifted by anti-Max.

shifted the Max-containing complexes (Fig.
3C). Effects of both antisera could be in-
hibited by blockage with the corresponding
antigens. Thus, both Max and AMax were
able to form heteromeric complexes with
the COOH-terminal ¢-Myc protein and to
bind to the E, oligonucleotide with a
stronger affinity than any one protein alone.

To assess the subcellular localization of
Max and AMax, we transfected COS-7
cells with constructs that expressed tagged
Max and AMax proteins (17). The Max-tag
protein was diffusely distributed in nuclei
excluding nucleoli (Fig. 4), which resem-
bled the pattern observed for Myc (16, 18).
Double staining -of cells that expressed
c-Myc with either Max or Max-tag con-
firmed the colocalization of these proteins.

For AMax-tag, most of the cells displayed a
cytoplasmic fluorescence with no detectable
signal in the nuclei (Fig. 4). However, when
AMax-tag was coexpressed with c-Myc,
AMax-tag-specific fluorescence was observed
in the nuclei of cells in colocalization with
c-Myc (Fig. 4). By contrast, a mutant c-Myc
protein that lacked the HLH domain but
retained a nuclear translocation signal (19)
did not affect the subcellular localization of
AMax-tag (Fig. 4). These results suggest that
Myc and AMax proteins associate efficiently
in vivo and that this association is required for
the nuclear translocation of AMax. No signif-
icant increase in nuclear fluorescence for
AMax-tag was observed in cells cotransfected
with Max, which suggests that AMax and
Max do not associate in vivo with each other
as efficiently as with Myc.

We next analyzed the ability of Max and
AMax to affect the functions of c-Myc in vivo
by using the rat embryo fibroblast (REF)
cotransformation assay (20). As expected,
cotransfection of c-myc and the mutant ¢-Ha-
ras oncogene led to formation of transformed
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Fig. 4. Subcellular localization of Max, AMax,
and c-Myc analyzed by indirect immunofluores-
cence. We transfected COS-7 cells with con-
structs that expressed tagged Max or AMax
proteins alone or together with c-myc con-
structs, as indicated on the left side of the
micrographs, and stained them with anti-tag,
anti-Max, or anti-Myc antisera (25), as indicat-
ed above the micrographs. Phase, phase-con-
trast microscopy.

foci (Table 1). Cotransfection of max with
c-myc and c-Ha-ras decreased the number of
transformed foci. Repression of transforma-
tion has also been observed with large
amounts of myn (the murine homolog of max)
in a similar cotransformation assay (21), al-
though small amounts of myn were originally
reported to enhance myc-ras cotransformation
(7). By contrast, cotransfection of Amax with
c-myc and c-Ha-ras augmented the number of
foci two- to fivefold over that obtained with
c-myc and c-Ha-ras only (Table 1). Introduc-
tion of both max and Amax together with
c-myc and c-Ha-ras resulted in a number of
transformed foci similar to those observed
with c-myc and c-Ha-ras only (Table 1).
When pSV2neo was used as a selectable mark-
er in the transfections, both the decrease in
number of transformed foci on max-myc-ras
plates and the increase on Amax-myc-ras
plates were observed (Table 1), although the
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total number of G418-resistant foci on all
pSV2neo plates was similar.

Our results are consistent with a model
where Max would preferentially form het-
erodimers with Myc. High expression of
Max would result in an excess of ho-
modimers responsible for the observed sup-
pression of transformation. This situation
could occur either by competition for the
binding sites of the c-Myc-Max heterodimer
or by binding to a different site. High ex-
pression of AMax might also result in the
formation of homodimers, but because the
AMax homodimers are cytoplasmic, they
would be incapable of competing for DNA
binding sites. This would explain why AMax
does not suppress transformation by c-Myc.
The c-Myc—AMax heterodimers are in turn
efficiently transported to the nucleus and
enhance the transforming effects of c-Myc.

Alternative splicing, which results in
the production of max and Amax mRNAs,
represents an interesting mechanism for
regulation of functionally distinct forms of
the Max protein. Because the cell lines
studied expressed rather small amounts of
Amax mRNA, the physiological signifi-
cance of the corresponding AMax protein
in these cells could not be determined.
However, the evolutionary conservation of
AMax strongly suggests that it has a func-
tion in some cells, tissues, or developmen-
tal phases. Our data on the opposite effects
of Max and AMax on c-Myc transformation
provide clues for the further exploration of
the role of Max in c-Myc function.
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Nucleoid Condensation in Escherichia coli That
Express a Chlamydial Histone Homolog

Clifton E. Barry lll, Stanley F. Hayes, Ted Hackstadt*

Chlamydial cell types are adapted for either extracellular survival or intracellular growth.
In the transcriptionally inert elementary bodies, the chromosome is densely compacted; in
metabolically active reticulate bodies, the chromatin is loosely organized. Condensation of
the chlamydial nucleoid occurs concomitant with expression of proteins homologous to
eukaryotic histone H1. When the Chlamydia trachomatis 18-kilodalton histone homolog
Hc1 is expressed in Escherichia coli, a condensed nucleoid structure similar to that of
chlamydiae is observed with both light and electron microscopy. These results support a
role for Hc1 in condensation of the chlamydial nucleoid.

Chlamydiae are bacterial, obligate, intra-
cellular parasites of humans and animals that
undergo an unusual biphasic developmental
cycle (1). Chlamydia trachomatis is the lead-
ing cause of preventable blindness and is the
most prevalent sexually transmitted disease
in industrialized countries (2). Infection is
initiated by metabolically inert elementary
bodies (EBs) that are approximately 0.3 pm
in diameter and have a dense core of con-
densed” chromatin unique among prokary-
otes. Within 8 hours after infection, EBs
differentiate to larger, more pleomorphic,
and metabolically active reticulate bodies
(RBs) having chromatin that appears more
disperse. The RBs multiply by binary fission
until 18 to 48 hours after infection, when
they begin to differentiate into EBs. Forma-
tion of this dense nucleoid structure is ac-
companied by oxidative cross-linking of out-
er membrane proteins to form a rigid cell-
wall complex (3, 4).

Chlamydial nucleoid condensation may
be mediated by the activities of a family of
developmentally regulated, highly basic
DNA-binding proteins present in EB chro-
mosome preparations (5-8). Chlamydia tra-
chomatis serovars have two lysine-rich pro-
teins with primary sequence homology to
eukaryotic histone H1 (5, 6, 8) that are
expressed only during the late stages of
chlamydial intracellular development. One
of these histone homologs, Hcl, has an
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apparent molecular weight of 18 kD and is
conserved among all serovars; the other
varies from 23 to 32 kD in size among
serovars (9). The chlamydial gene encoding
Hcl, hctA, has been cloned and sequenced,
and an immunoreactive partial gene prod-
uct was conditionally overexpressed (5).

Full-length expression of Hcl was ac-
complished in a T7 RNA polymerase pro-
moter system (Fig. 1A) (10). The recombi-
nant product was reactive with a polyclo-
nal, monospecific antiserum to Hcl (Fig.
1B). The protein Hcl is expressed in Esch-
erichia coli in quantities similar to those
observed in C. trachomatis (6.0 = 0.3% of
total soluble protein by densitometry for
each). It is unclear why Hcl expression in
the pT7 expression system is not greater,
but the basic nature of Hcl and its pre-
sumed DNA-binding abilities may limit
transcription of host DNA.

Induced E. coli containing either pT763,
in which the inserted Hcl gene is in an
expressing orientation, or pT751, in which
the direction of transcription is opposite that
of the T7 promoter, were examined by light
microscopy with acridine orange staining.
When visualized with acridine orange stain-
ing (11-13), the nucleoid of E. coli express-
ing Hcl is highly condensed in comparison
to the nonexpressing control (Fig. 2).

Electron microscopic examination of
these strains confirmed the presence of a
compact nucleoid structure unique to the
Hcl-expressing strain (Fig. 2). The ultra-
structural appearance is reminiscent of cor-
responding structures in intermediate de-
velopmental forms of C. trachomatis (Fig.
2E). Late (24 to 48 hours after infection)
inclusions of chlamydiae are characterized
by the presence of numerous typical EBs
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with electron-dense nucleoids and con-
tracted cell walls. These late inclusions also
contain RBs in which neither structure is
condensed as well as a substantial number
of intermediate forms that have condensed
nucleoids but uncontracted cell walls (Fig.
2E). These intermediate forms resemble the
recombinant E. coli strains expressing Hcl.
The nucleoids of E. coli expressing Hcl also
display a surrounding region of cytoplasm
consisting of electron-transparent material
interspersed with fibrillar projections that
form a distinct radiative pattern. A similar
structure can be observed surrounding chla-
mydial nucleoids in intermediate forms as
the chromatin condenses (Fig. 2E) (14).
This similarity suggests that the higher or-
der nuclear structure observed in the re-
combinant organisms resembles that of na-
tive chlamydiae and that Hcl is sufficient to
induce compaction of the chromatin.
Thin sections of E. coli K38(pT763
pGP1-2) were subjected to immunoelectron
microscopy with polyclonal anti-Hcl anti-
bodies. Although the gold particles appear
somewhat dispersed throughout the orga-
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Fig. 1. Full-length expression of chlamydial Hc1
in E. coli. (A) A 12.5% polyacrylamide gel anal-
ysis of the cloned gene, stained with Coomassie
brilliant blue. The C. trachomatis L2 lysate (lane
1) was prepared from purified EBs (32). Lanes 2
and 3 (pT751 and pT763) show nonexpressing
and expressing orientations, respectively, of the
Bam Hl to Eco Rl fragment that contains hctA,
which has been described (5). This fragment
was cloned into the same sites in pT7-5 and
pT7-6 (10) and transformed into K38(pGP1-2),
which provides a thermoinducible source of the
T7 RNA polymerase. Samples were prepared as
follows: cultures wete grown at 30°C in Luria broth
containing carbenicillin (250 pg/ml) and kanamy-
cin (50 pg/ml) to an optical density ODgoo nen
of 0.2; they were then heat-shocked at 42°C for
30 min and grown for an additional 90 min at
37°C. (B) An identical gel probed with a polyclo-
nal rabbit antiserum that had been raised in
response to affinity-purified chlamydial Hc1 (5).
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