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Summary 

We used the interaction trap to isolate a novel human 
protein that specifically interacts with Max. This pro- 
tein, Mxil (for Max interactor l), contains a bHLH-Zip 
motif that is similar to that found in Myc family pro- 
teins. Mxil interacts specifically with Max to form het- 
erodimers that effkiently bind to the Myc-Max consen- 
sus recognitii site. When bound to DNA by a LexA 
moiety in yeast, Mxil does not stimulate transcription. 
mxil mRNA is expressed in many tissues, and its ex- 
pression is elevated in U-937 myeloid leukemia cells 
that have been stimufated to differentiate. These facts 
are consistent with a model in which Mxil -Max hetero- 
dimers indirectly inhibit Myc function in two ways: 
first, by sequs@ering Max, thus preventing the forma- 
tion of Myc-Max heterodimers, and second, by com- 
peting with Myc-Max heterodimers for binding to tar- 
get sites. 

Introduction 

Members of the Myc protein family are involved in the 
formation of many cancers; in model systems their height- 
ened expression can induceoncogenic transformation (for 
reviews see Cole, 1986; Liischer and Eisenman, 1990) 
induce apoptosis (Evan et al., 1992; Shi et al., 1992), and 
block differentiation (Freytag, 1988; Miner and Wold, 
1991). Of the Myc proteins, the best-studied are probably 
the c-myc and v-myc products (c-Myc and v-Myc). These 
proteins are localized to the nucleus (Abrams et al., 1982; 
Heaney et al., 1986; Stone et al., 1987) and can activate 
transcription when brought to DNA by heterologous DNA- 
binding domains (Lech et al., 1988; Kato et al., 1990; Go- 
lemis and Brent, 1992). These proteins contain an activa- 
tion domain in their amino terminus, the integrity of which 
is correlated with their ability to cause oncogenic transfor- 
mation (Katoet al., 1990; Barrettet al., 1992; E. A. Golemis 
et al., submitted). As do all Myc proteins, c-Myc and v-Myc 
contain a conserved structure, the basic region helix-loop- 
helix leucine zipper (bHLH-Zip) (reviewed in Vinson and 
Garcia, 1992) which directs oligomerization with other 
proteins and DNA recognition (Dang et al., 1969; Blackwell 
et al., 1990; Halazonetis and Kandil, 1992). These facts 
suggest that the biological function of c-Myc and v-Myc 
might depend on their ability to bind specific sequences 
and activate transcription. 

Recently, two proteins have been isolated that form het- 
erodimers with Myc proteins: Max, a human protein, and 
Myn, its murine homolog (Blackwood and Eisenman, 
1991; Prendergast et al., 1991). Max protein and mRNA 
are expressed in all tissues in which c-Myc is expressed, 
and in some, including the adult brain, in which c-Myc is 
not. Two different forms of Max are encoded from differ- 
ently spliced transcripts, a 151 amino acid protein (here 
called Max,.,s, or simply Max) and a larger form (here 
called Max,.Iso) that contains an additional 9 amino acids 
at the amino terminus of the basic region. Max is localized 
to the cell nucleus, possibly owing to a nuclear localization 
sequence at its carboxyl terminus (Kato et al., 1992). Max 
has a longer half-life than c-Myc (>24 hr versus 30 min) 
(Blackwood et al., 1992a, 1992b; Hann and Eisenman, 
1984; Liischer and Eisbnman, 1988). Like the Myc pro- 
teins, Max contains a bHLH-Zip motif. In Max, this motif 
allows Max to dimerize with itself and to form heterodimers 
with other members of the Myc family (Blackwood and 
Eisenman, 1991; Blackwood et al., 1992a, 1992b; Kato et 
al., 1992), but it does not direct interaction with other 
known bHLH-Zip proteins (Blackwood and Eisenman, 
1991). 

Max-Max homodimers and c-Myc-Max heterodimers 
bind tightly to a consensus CACGTG sequence (Black- 
wood and Eisenman, 1991; Prendergast et al., 1991). This 
fact strengthened the hypothesis that transcription regula- 
tion is important to Myc function; this idea has recently 
received additional support from the finding that in mam- 
malian cells and in yeast, DNA-bound c-Myc-Max hetero- 
dimers activate transcription, while Max-Max homodi- 
mers do not (Kretzner et al., 1992; A. S. Z. and R. B., 
submitted). Because most c-Myc in vivo is thought to be 
associated with Max, and because c-Myc-Max heterodi- 
mers bind CACGTG sites more tightly than c-Myc-c-Myc 
homodimers, it appears likely that one function of Max is 
to facilitate the binding of c-Myc to these sites. It is also 
possible that association with Max modulates the regula- 
tory activity of the c-Myc gene; consistent with this idea, 
we have recently shown that Max is transcriptionally inert 
but that its association with c-Myc greatly potentiates the 
strength of the Myc activation function (A. S. Z. and R. B., 
submitted). Myc-dependent transcription is also likely to 
be modulated by other cellular proteins, including onco- 
proteins, that change the availability of c-Myc or Max by 
affecting their expression or that after c-Myc and Max DNA 
binding (Berberich and Cole, 1992), oligomerization, or 
transcription regulatory functions by altering their phos- 
phorylation states (reviewed in Liischer and Eisenmann, 
1990; Blackwood et al., 1992a, 1992b). 

A great deal of circumstantial evidence suggests that 
control of Myc function may be important during differenti- 
ation. As mentioned, heightened expression of Myc in mu- 
rine erythroleukemia cells and myocytes can block differ- 
entiation (Freytag, 1988; Miner and Wold, 1991), and it is 
clear that differentiation in model systems is often accom- 



Figure 1. Activation by Interaction of Mxil with Different Protein Gaits 
Individual colonies of EGY43 yeast cells that contained tagged Mxil 
(the invariant activation tagged moiety of pJG4-5 [J. Gyuris, E. A. 
Golemis, and Ft. B., submitted, fused to Mxil residues 10-2201) and 
that alsocontained LexA-Max (a), LexA-c-Myc-Cterm (b), LexA-Cdd 
(c), LexA-FUS3 (d), and LexA-bicoid (e) were streaked with toothpicks 
onto a glucose-Ura- His- Trp- master plate, and then replica plated 
onto a galactose-Ura- His- Trp- Leu- plate. Interaction results in activa- 
tion of the LexAopLEU2 reporter and in growth in the absence of 
leucine. Mxil causes strong growth in the presence of the Max bait, 
weak growth in the presence of the c-Myc-Cterm bait, and no growth 
with CdcP, FUS3, and bicoid baits. 

panied by reductions in the amount of c-myc mRNA. For 
example, U-937 myeloid leukemia cells can be induced to 
differentiate into monocytes by treatment with TPA, as 
measured by withdrawal from the cell cycle and appear- 
ance of a number of monocytic markers, including expres- 
sion of the c&s proto-oncogene message (Hass et al., 
1991). Differentiation is accompanied by a loss of detect- 
able c-myc mRNA. In this system continued maintenance 
in culture results in eventual loss of the monocytic markers 
and resumption of proliferation; this “retrodifferentiation” is 
accompanied by a resumption of c-myc mRNA expression 
(Gunji et al., 1992). 

In this work, we searched for proteins that interacted 
with Max. We undertook this study for two reasons. First, 
although the isolation of Max has provided insight into 
c-Myc function, it appeared possible that a complete un- 
derstanding of the relevance of Max to the function of Myc 
would require isolation of the complete set of proteins that 
might affect its activity or availability. Second, in the ner- 
vous system, and in many cell lines, the apparent concen- 
tration of Max is much greater than that of any known Myc 
protein (E. Blackwood, personal communication), which 
suggested that Max in these cases might be available to 
form oligomers with other proteins that might affect its 
activity or amount. 

We describe the use of a recently developed yeast ge- 
netic selection, the interaction trap (J. Gyuris, E. A. Go- 
lemis, and R. B., submitted), to isolate and characterize 

Mxil , a human protein that forms tight heterodimeric com- 
plexes with Max. Mxil contains a bHLH-Zip sequence that 
allows it to interact specifically with Max and bind to Myc- 
Max consensus sites, but in yeast assays the protein does 
not stimulate transcription. Its sequence indicates that 
Mxil clearly belongs to the same family as Mad, another 
protein that interacts with Max and is described in an ac- 
companying paper (Ayer et al., 1993). Expression of mxil 
mRNA is greatly elevated in U-937 cells that are induced 
to differentiate. These facts are consistent with a simple 
model in which Mxil and Mad indirectly regulate c-Myc 
function by sequestering Max. 

Results 

Isolation of Mxil 
We selected cDNAs that encoded Mxil from a HeLa cell 
library by the interaction trap (J. Gyuris, E. A. Golemis, and 
R. B., submitted). In this technique, which was developed 
from a suggestion made by Fields and Song (1989), a 
library that conditionally expresses cDNA-encoded pro- 
teins fused to an epitope tag, a nuclear localization se- 
quence, and an acidic transcription activation domain is 
introduced into a special yeast strain. This strain, EGY48, 
contains a plasmid that directs the synthesis of a transcrip- 
tionally inert LexA derivative (the “bait,” in this case LexA- 
Max) and two different reporter genes, the transcription of 
which is stimulated if the library encoded protein com- 
plexes with the bait. One reporter, an extremely sensitive 
LexAopLEU2 gene, allows growth in the absense of leu- 
tine; the other, one of a series of LexAop-lad genes of 
different sensitivities to activators, directs the synthesis 
of fi-galactosidase (J. Gyuris, E. A. Golemis, and R. B., 
submitted). 

As described in Experimental Procedures, we per- 
formed the selection with EGY48 that contained LexA- 
Max and that also contained pJK103, a medium-sensitive 
LexAop-lad reporter (Kamens et al., 1990). We plated 
a pool of cells that contained 7.5 x lo5 primary library 
transformants at a multiplicity of 5 onto galactose-leu- 
selection plates, and picked the first 100 Leu+ colonies 
that appeared. Of these, 80 that showed unambiguous 
galactose-dependent blue color on X-gal medium were 
analyzed further (see Experimental Procedures). As ex- 
pected, restriction mapping and partial sequence analysis 
showed that many of these (82) encoded human c-Myc. 
From the remainder, we selected for further characteriza- 
tion the restriction map class (2 members) whose products 
gave the strongest activation with the LexA-Max bait, We 
called the gene encoded by these mxil (for Max interactor 
1) and its protein product Mxil . We tested the specificity 
of the Mxil-Max interaction by testing the ability of Mxil 
to interact with a panel of different baits. Visual inspection 
of activation of a LexAopLEU2 reporter on galactose- 
Leu- plates showed that Mxil interacted strongly with 
LexA-Max, detectably with LexA-c-Myc-Cterm, a bait 
that contained the c-Myc bHLH-Zip, but not with LexA- 
Cdc2, LexA-FUS3, and LexA-bicoid (Figure 1). 
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LKLGS* 220 
CTT~TTW;GTTCATGATG~~CTCCTCTTT-C--C--CTATACTTG~-~TCAGAG~CCTGTATTT~G-TACTTA~-GTG~~ 1080 

AGAGCTCCCAAGWLGATT~AG~TA~~TATT~ TCACAATTTTTAATGTTGTGT-TTCTGTWLAATTT~GTTGATTGAG~~~~AT~ 1200 

WLGATGC~TCCTCTTTCTCTT~CTCGTTTGCTCATACT 1320 

CGAATW~GGTATT~T~T~TA~T~T~TGAG~TATT-~T~~CT~ACAGTTTAT~T~GC~TGTG~T~T~TCCTTTATTATTATT~ 1440 

TTTTTTTT- GCTCATTTCATGCTCTG GWL~GACTCCULTGAAGCCTTTTGAAAGU;ATCATCATGCT 1560 

TATCCTGCATTGTTAGCACTAGGCACCCAGCTGCCACCTCTC~TCCT~T~CCTTA~~CAT-~AGTC~TG~T~CA~CTCTATC~A~~CCTATGAGTAT~ATT 1680 

GGGCGGGCCRAAAG~GCTCCATGTGCCTCTTTGTCT~T~TCAG~~GTTGT~CG~~TTA~-~~TCT~~CACAG~~AT~~AT~~~TTTT~ 1800 

TAACTGTTTATATGTGTT-CCAAAATGACATCTTTTTAAAGCTTATCCAT AMAMAAATAGATGTCTTTTATAGTGGAAAAAACATGG TCATCTATTTTGATGCA 1920 

GCATTTWLTARTGAT-CACCTCRWLCCTCACTCTTTATAGT~AC-TG~TGA~TCT~~TA~TA~ GCGTCAATGCTATTTTTGTTTTTAGAATCATTACCTTTTA 2040 

CCAGCTTTTAACWLTCTGATAT~TATAGTA~~A~~AT~TAGTT~~ATAGTT~GTTCA~~TTGTCTCATTTT~T~~~TTT~TTC~AT*TCCTACA~AGTCTCTC 2160 

TCTTCCTCACAGTCCCACTGTGCAGGTGCTATTGTTA~T~TTACG~TATTTT~AGT~TGTTATTTT~TT~T~GTG~TTT~TAGC~TG~CTTT~TGT~ATGTGTTCCCTTTGT= 2280 

TTTCAAACTCULAGGTTCCCCTGTGT~~~~T~T=~~TTAC~~T~G~G~~TCTTGGAGA~~TTA~~~~T-TGTTT~A~TTTGTATA~TTT~T~TTT~~TAC~~TT*TTA~T 2400 

TAARRARAI\ASIAARRAA 2417 

Figure 2. Sequence of mxil cDNA and Protein 
Sequence of a 2417 nt cDNA was determined by dideoxy sequencing of two clones, the first one isolated by the yeast screen from the activation 
tagged Hela expression library, which encoded residues 1 O-220 (corresponding to nucleotides 345-1020) and a second, longer clone, which was 
isolated from a HeLa library in XZAPII by hybridization to the first clone. The 3’ noncoding region contains, at position 1508-1958, a 44W450 
nucleotide match (allowing one gap) with an expressed sequence tag (EST02043) from human brain (Adams et al., 1992). 

Primary Sequence 
We sequenced the partial mxil open reading frame on the 
library plasmid. As expected, it was fused in-frame to the 
invariant amino-terminal moiety of the vector-encoded pro- 
tein. We used this cDNA to isolate a 2.4 kb cDNA from a 
commercially available HeLa cDNA library. The sequence 
of this cDNA revealed a 220 amino acid open reading 
frame with 315 5’ flanking nucleotides and 1440 3’nucleo- 
tides (Figure 2). 

The mxil open reading frame contained a bHLH-Zip 
region between amino acids 32-l 12 that was very similar 
in sequence to the bHLH-Zip found in Myc family proteins 
and in Max (Figure 3a). Cf 13 amino acids in the Mxil basic 
region 8 are identical to those in human c-Myc, including 
the arginine at position 44, which contacts the CG core of 
the c-Myc-Max consensus binding site (Halazonetis and 
Kandil, 1992; Dang et al., 1992). There is also substantial 
sequence similarity outside of the basic region: the Mxil 
HLH is a near match to the HLH consensus and, as in Myc 
family proteins (Beckmann and Kadesch, 1991), HLH helix 
II is fused to the leucine zipper so that the periodic hy- 
drophobic heptad repeat in the zipper continues into the 
C-terminus of helix II (Figure 3a). We projected the Mxil 
and Max leucine zippers onto a helical wheel (Figure 3b). 
As Myc proteins, Mxil contains an acidic residue (Glu-87) 

at the a position that might interact favorably with the histi- 
dine found at the d’ position of Max. Furthermore, as do 
Myc proteins, Mxil contains charged residues at the g 
position that might favorably interact with charged resi- 
dues in the e’ position of Max. 

Outside of the bHLH-Zip, Mxil shows no similarity to 
previously identified proteins. The sequence does not re- 
veal a classical nuclear localization signal, although Arg- 
13, Arg-14, Lys-80, and Lys-81 might conceivably consti- 
tute a bipartite localization signal (Dingwafl and Laskey, 
1991). Mxil contains an acidic stretch at residues 131 to 
189 (15 residues are glutamic or aspartic acid, predicted 
net charge of -14). However, projection of this stretch of 
acidic amino acids onto a helical wheel showed that the 
putative a helix formed by this stretch did not show the 
amphipathicity sometimes associated with putative a heli- 
ces formed by functional activation domains (Ruden et al., 
1991). The Mxil 3’ noncoding region contained a stretch 
with substantial similarity to an expressed sequence tag 
found on a cDNA isolated from human brain (Adams et al., 
1992) (see the Figure 2 legend). 

Mxil does show pronounced similarity to another Max- 
interacting protein, Mad, which is described by Eisenman 
and his coworkers in an accompanying paper (Ayer et al., 
1993). We view the similarii as consisting of two regions, 
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Figure 3. Structural Features of the Mxil Se- 
quence 

(a) The Mxil bHLH-Zip. Shown is a compari- 
son of the bHLH-Zip region from Mxil residue 
32 to residue 112 to bHLH-Zip regions in other 
proteins. The Mxil bHLH-Zip is shown in bold. 
Residues common to at least four members of 
the set (Mxil, Mad, c-Myc, Max, avian v-Myc, 
human n-Myc and L-Myc, and AP-4) are shown 
by stippling. Residues shared by other mem- 
bers of the set with Mxil are shown in bold. 
TheC-terminal arginine within the basic region, 
which in c-Myc specifies interaction with the 
CG core of the CACGTG recognition se- 
quence, is shown with an asterisk (Halazonetis 
and Kandil, 1992; Dang et al., 1992). Highly 
conserved residues that are likely to be critical 
for the framework of the structural motif are 
shown above the Mxil line in bold; @ denotes 
hydrophobic amino acids. Sequences of the 
Myc family bHLH-Zip were taken from Benezra 
et al. (1990) Max from Blackwood and Eisen- 
mann (1991), AP-4 from Hu et al. (1990) and 
Mad from Ayer et al. (1993). 
(b) Leucine zippers of Mxil and Max. The leu- 
tine zippers from Mxil and Max are each 
shown projected onto a helical wheel as in 
O’Shea et al. (1989). Amino acids at the g posi- 
tion of Mxil and the e’ position of Max are 

1 MPSPRLQHSKPPRRLSRAQKHSSGTSNla lHN 

: ,  : : .  / I  . . : , , :  shown with their respective charges; the arrow 
I MAAAVRMNIaMLLEAliDYLERREREllEHGYASMLPYNNKDROALKSRNKSKKNNSSS........ indicates the glutamic acid at the amino termi- 

nus of the Mxil leucine zipper (Mxil position 
bBL¶-Zip a), which is invariant in all Myc proteins, and 

33 RSTWNELEKNRRAHLRLCLE~~~~~~~~~~~~~~~~~~~~~~S~~S*~*~~~~S~Q~~~~~*~~~Q 
,,IIIl:ItIIIitIIiIlI:II.l:I~II::.IlIlI:Il.IIl IIiIIt:.:tI. I,::.,:,,,, ,/:.,1.t 

the histidine opposite it in Max leucine zipper 
58 RSTHNEHBRIWRAHLRLCLEKLXGLVPLGPgSSRHTTLSL~~*~~~~. position d’. 

(c) Comparison of Mxil and Mad. Sequences 
siaihriey region 2 were aligned by the Genetics Computer Group 

113 GPQG~IRMDSIOSTISSDs~s~~ss*~~~~~~~~~~~~s~~~~s~~~~sss~~s~~s~~~~ss~~~s~~s GAP program (Devereux et al., 1984). Solid 
::,,IIIIIIIIl:II:IIII:IIIl:IIi,I,:: I::, I..I:I, I:::,:.I:iI,,,,,,.,:, 

138 . ..GIsRIRNDS*GSTYSSERS~s~~ss~~~~s~~~~~~~~~.ssssvs~s~s~~s~s~s~s~~ss~s~x..... lines between amino acids indicate identity at 
the corresponding position, two dots indicate a 
high degree of similarity, and one dot indicates 

193 YRTQHDITVQGKIFTGPIQYKOSLKLGS 220 
,.:,:. ,.:I I 

less similarity. The overall similarity between 

208 . . . ..RIKLQDS.. . . . . .H~CLGL 221 Mxil and Mad is 79% with 59% identity. Two 
regions of highest similarity are identified: the 

bHLH-Zip at Mxil residues 33-112 and similarity region 2 at Mxil residues 118-187. Similarity region 2 contains a stretch of amino acids (Mxil 
residues 127-150) similar to a stretch of amino acids of unknown function found in Myc family proteins (residues 248 to 268 in human c-Myc). 

the bHLH-Zip (Figures 3a and 3c) and a second region 
C-terminal to this motif, which we call similarity region 2, 
that in Mxil is separated from the bHLH-Zip by a 4 amino 
acid connector (Figure 3~). The Mxil bHLH-Zip region is 
more similar to that of Mad than it is to any other bHLH-Zip; 
the basic region and helix 1 are almost identical, consistent 
with the fact that Mad also recognizes Myc-Max sites, and 
the helix 2 and leucine zipper are also very similar to that 
of Mad; Mad even possesses an acidic residue (Asp-l 12) 
in the a position of the leucine zipper helix homologous to 
the Glu-87 in Mxil. In both proteins, similarity region 2 
(Mxil residues 115 to 189) is rich in serines and acidic 
residues and contains (residues 127 to 150) a stretch of 
amino acids similar to a region of unknown function in 
Myc family proteins (see the Figure 3c legend). Mad also 
contains an amino-terminal extension (Figure 3c) that is 
not found in Mxil . 

Association with Other Proteins 
We further explored the specificity of the Mxil-Max inter- 
action by repeating our initial interaction assays with acti- 

vation tagged Mxil , a series of more closely related baits, 
and two reporters, the LexAop-LEU2 reporter in EGY48 
and the LexAop-IacZ reporter pJK103. These reporters 
exhibit differential sensitivity to activators: the LexAop- 
LEU2 reporter is exquisitely sensitive, while the LexAop- 
IacZ reporter is less so; expression of their phenotypes 
provides a measure of the strength of the interaction. Re- 
sults are given in Table 1. With the less sensitive reporter, 
we only detected significant interaction between Mxil and 
a LexA-Max bait; any other interactions were below the 
level we consider significant (Golemis and Brent, 1992). 
With the more sensitive reporter, we detected a strong 
interaction between Mxil and Max and a weak interaction 
between Mxil and derivatives of c-Myc and n-Myc that 
contained bHLH-Zip. Mxil exhibited basal activation ac- 
tivity below the level we consider significant (see below) 
and did not show significant interactions with itself. We 
then confirmed the specificity of the Mxil-Max interaction 
by immunoprecipitation experiments with in vitro trans- 
lated Mxil, Max, c-Myc, and n-Myc (A. S. Z., M. Billard, 
and R. Bernard, unpublished data). As judged by immuno- 
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Table 1. interaction of Mxil with Related Proteins 

Glucose Galactose 

P-gala0 B-gala0 
Fusion Protein Leu tosidase Leu tosidase 

LexA-c-Myc-Cterm - <2 + 10 
LexA-Max - <2 +++ 120 
LexA-Mxil + 10 + 10 
LexA-Hairy - <2 <2 
LexA-Id - <2 <2 
LexA-n-Myc-bHLH-Zip - <2 + 0 
LexA-Da <2 <2 

Plasmids that directed the synthesis of activation tagged Mxil and the 
listed baits were introduced into EGY45. In addition to the LexAop- 
LEUP reporter, the strain also harbored pJK103, a medium-sensitive 
LexAop-/acZ reporter. Basal activation by the baits was monitored by 
observation of the Leu+ phenotype on glucose Leu plates, and by 
measurement of f3galactosidase levels in liquid cultures grown on 
glucose. Interaction with Mxil was monitored by comparison of these 
phenotypes with those when cells were grown on the equivalent galac- 
tose medium, under which conditions Mxil was expressed. 5-Galac 
tosidase levels were performed in duplicate on three independent 
isolates; the average value is given here. 

precipitation with anti-Max antiserum, Mxil was associ- 
ated with Max, but, at the lower protein concentrations in 
these experiments, Mxil did not associate with c-Myc or 
n-Myc (not shown; see Discussion). 

Site Recognition 
The sequence of the Mxil bHLH-Zip suggested that com- 
plexes between Mxil and Max might bind the consensus 
Myc-Max recognition site. We tested this idea by assaying 
the ability of combinations of glutathione S-transfer- 
ase (GST)-Mxil ,.2xl, purified Max,.151, and purified c-Myc 
bHLH-Zip34zA-439 to retard the electrophoretic mobility of an 
oligonucleotide that contained the CACGTG Myc-Max 
consensus site (Halazonetis and Kandil, 1991). These re- 
sults are shown in Figure 4. As expected, purified c-Myc 
bHLH-Zip caused the formation of a very small amount of 
retarded complex (Figure 4, lane 1, complex c), purified 
Max caused the appearance of a larger amount of retarded 
complex of different mobility (lane 2, complex b), puri- 
fied GST-Mxil did not give detectable amounts of re- 
tarded complex (lane 3) which we attribute to its inability 
to interact with itself (Table l), and GST-Mxil and c-Myc 
bHLH-Zip did not form appreciable amounts of a new com- 
plex (lane 5). However, addition of GST-Mxil to Max re- 
sulted in the appearance of a complex of altered mobility 
(complex a, lane 6); the amount of this complex was in- 
creased with increasing amounts of GST-Mxil (lanes 7 
and 8). This complex contained both Mxil and Max: treat- 
ment of the binding mixes with glutathione-Sepharose re- 
moved this complex quantitatively from the binding mix 
(lane 9), and treatment of the binding reactions with anti- 
Max antiserum resulted in the disappearance of most of 
the Mxil-Max-DNA complex and its apparent supershift 
to a much less mobile DNA complex (lane 10). These re- 
sults demonstrate that Mxil and Max complexes bind 
Myc-Max recognition sites. 

1 2 3 4 5 6 7 8 9 10 11 

cb 

Figure 4. Sequence-Specific DNA Binding by Mxil and Max 
Binding assays used bacterially produced GST-Mxil, full-length Max, 
and c-Myc bHLH-Zip (amino acids 342-439). The labeled oligonucleo- 
tide contained a consensus Myc-binding site. Binding reactions (20 ul) 
containing the indicated proteins and other reagents were performed, 
run on a 5% polyacrylamide gel, and subjected to autoradiography 
as described (Experimental Procedures). a, b, and c denote specific 
oligonucleotide-containingcomplexes. Lane I, 300 ngof c-Myc bHLH- 
Zip; lane 2, 10 ng of Max; lane 3, 10 ng of GST-Mxil; lane 4, IO ng 
of Max, 300 ng of c-Myc bHLH-Zip; lane 5,300 ng of Max, 306 ng of 
c-Myc bHLH-Zip; lane 6, 10 ng of Max, 10 ng of GST-Mxil; lane 7, 
10 ng of Max, 20 ng of GST-Mxil; lane 8,10 ng of Max, 50 ng of GST- 
Mxil ; lane 9, 10 ng of Max, 50 ng of GST-Mxil, pretreated with 10 ul 
of 50% v/v glutathione-Sepharose beads, supernatant loaded on gel; 
lane IO.10 ng of Max, 50 ng of GST-Mxil, 1 ul of anti-Max antiserum; 
lane II, 10 ng of Max, 50 ng of GST-Mxil, 1 ul of control antiserum. 

Transcription Activation 
We assayed the ability of Mxil to stimulate transcription 
when expressed in yeast as a LexA derivative and bound 
to LexA operators in the ~1840 LexAop-IacZ reporter. Ta- 
ble 2 shows that, unlike c-Myc but like Max (Lech et al., 
1988; Golemis and Brent, 1992; A. S. Z. and R. B., submit- 
ted), in this assay Mxil is transcriptionally inert. When 
transcription is assayed on the more sensitive LexAop- 
/acZ reporter pJK103 (not shown), Mxil displays basal 
transcription well below the level that can be considered 
significant (Golemis and Brent, 1992). While some activa- 
tion domains that function in higher cells, such as the gluta- 
mine-rich regions of SPl, the Drosophila zeste product, 
and the proline-rich domains in CTF, do not function in 
yeast (Pugh and Tjian, 1990; C. Besmond and R. B., un- 
published data), our experience has been that acidic acti- 
vation domains usually do, and this yeast result thus sug- 
gests that the acidic portion of Mxil is not a functional 
activation domain. 

mRNA Expression 
To determine in which tissues mxil mRNA was expressed, 
we probed a Northern blot containing 2 ug of poly(A) RNA 
from different human tissues with mxil. This experiment 
revealed that mxil mRNA was expressed in every tissue 
tested, with the highest levels in heart, brain, and lung 
(Figure 5). Because Mxil was isolated as a Max partner, 
we monitored the expression of max mRNA as well; it 
closely mirrored that of mxil (Figure 5). Northern analysis 
of mxil and max mRNAs from serum-starved and serum- 
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Table 2. Activation in Yeast by Mxil, Max, and c-Myc 

Protein 

LexA-c-Myc 12 
LexA-Max <2 
LexA-Mxil <2 

Plasmids directing the synthesis of LexA derivatives of the intact pro- 
teins were introduced into EGY4Wp1840, and flgalactosidase assays 
were performed on cultures of independent transformants as de- 
scribed in the text. 

stimulated WI38 human lung fibroblasts showed that both 
messages were expressed at high levels, but were not 
induced by serum stimulation (not shown). Similar analysis 
of mRNA levels in populations of HeLa cells that were 
synchronized by a double thymidine block (Rao and John- 
son, 1970) showed that mxil and mex were expressed at 
easily detectable levels, but that their amounts did not vary 
with the stage of the cell cycle (not shown). 

We then examined the expression of mxil, max, and 
c-myc in mRNA extracted from differentiating cells of my- 
eloid lineages. For these expreriments, we used RNA (a 
generous gift of Ralph Hass and Donald Kufe) derived from 
two different premonocytic cell lines, U-937 and HL-60. 
These lines are believed to correspond to different stages 
of monocytic development; U-937 is thought to be derived 
from a more determined cell type than HL-60. These lines 
can be induced to differentiate by a number of agents 
(reviewed in Harris and Ralph, 1985); when so treated, 
U-937 cells differentiate along the monocytic pathway, 
while HL-60 cells differentiate into monocytes or granulo- 
cytes depending on the inducing agent. We measured the 
expression of these messages in myeloid cells for two 
reasons. First, because constitutive expression of c-Myc 
can block their differentiation (Freytag, 1988; Kume et al., 
1988); second, because down-regulation of c-myc mRNA 
levels occurs upon differentiation (Watanabe et al., 1965; 
Gujii et al., 1992), we searched for changes in the levels 
of myc-related messages that might also occur during the 
differentiation of these cells. 

As shown in Figure 6, TPA, the strongest inducer of 
U-937 differentiation, induces mxil mRNA by a factor of 
about 20 (lanes l-5). To verify that this induction was a 
consequence of differentiation, rather than a simple tran- 
scriptional response to TPA itself, we examined the mxil 
message in RNA extracted from cells that were induced 
to differentiate with a number of other agents, including 
dimethylsulfoxide, retinoic acid, vitamin D3, tumor necro- 
sis factor a, and okadeic acid. Treatment with these agents 
also induced mxil mRNA expression (not shown); the 
amount of mxil mRNA in cells treated with these agents 
paralleled their potency as inducers of differentiation (as 
determined by changes in morphology, and induction of 
the c-fms message) (not shown). In U-937 cells, max 
mRNA was low and its expression was not affected by 
treatment with TPA (Figure 6). c-myc mRNA, as expected 
(Gunji et al., 1992), was induced briefly, and then returned 
to a very low level (Figure 6). By contrast, in HL-60 cells, 
the basal level of mxil and max mRNA was much higher 

(lane 6). This level was not elevated in RNA from cells that 
were induced to differentiate with retinoic acid, although, 
as expected, the amount of c-myc mRNA was greatly re- 
duced (lanes 7 and 8) (Watanabe et al., 1985). 

We used the interaction trap(J. Gyuris, E. A. Golemis, and 
R. B., unpublished data), an implementation of a sugges- 
tion made by Fields and Bong (1969) to isolate Mxil, a 
protein that interacts specifically with Max. Themxil cDNA 
spans 2417 bp. Within it, there is an open reading frame 
that encodes a 220 amino acid protein, followed by a very 
large 3’ untranslated region. The Mxil protein predicted 
from this open reading frame contains an acidic stretch at 
the carboxyl terminus but lacks a conspicuous nuclear 
localization signal. Mxil contains a bHLH-Zip motif at its 
amino terminus. The sequence of the Mxil bHLH-Zip is 
extremely similar to that of Myc family proteins; the basic 
region is identical in a residue these proteins use to contact 
DNA. Helical wheel projectionssuggest that the Max-Mxil 
interaction may depend on a favorable ionic interaction 
between the leucine zippers of the two proteins. Mxil is 
quite similar in sequence to another Max interactor, Mad, 
described in an accompanying paper (Ayer et al., 1993). 
Mad shows two regions of similarity to Mxil , the bHLH- 
Zip, and a second stretch, similarity region 2, which we 
imagine has a conserved structure but whose function is 
now unknown (Figure 3~); Mad also contains a pro- 
nounced dissimilarity, a 33 residue extension at its amino 
terminus that has no equivalent in Mxil (Figure 3~). 

We tested the function of Mxil in three ways. First, we 
used the interaction trap to test further the specificity of 

Figure 5. mxil and max mRNA in Different Tissues 
Figure shows a Northern blot of mRNA from different human tissues 
that was probed with mxil, then stripped and reprobed with max as 
described (Experimental Procedures). Each lane contains 2 pg of 
poly(A)’ mRNA from the indicated tissues. mxil mRNA runs with an 
apparent mobility of 3.2 kb, and max runs with an apparent mobility of 
2 kb. 
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Figure 6. mxil, mex, and myc mRNA during Differentiation 

RNA was isolated from U-937 and HL-60 cells at different times after 
they were were induced to differentiate with TPA (U-937) or retinoic 
acid (HL-90). RNA (20 ug) from cells from each time point was run on 
a gel and blotted onto a nylon membrane, which was probed succes- 
sively with mxil , max. c-myc, and human GAPD as described (Experi- 
mental Procedures). Lane 1, U-937, untreated; lane 2, U-937,1 hr after 
TPA induction; lane 3, U-937,3 hr after TPA induction; lane 4, U-937, 
6 hr after TPA induction; lane 5, U-937,12 hr after TPA induction; lane 
6, HL-60, uninduced; lane 7, HL-60,24 hr after retinoic acid induction; 
lane 9, HL-60, 72 hr after retinoic acid induction. 

the interaction between Mxil and Max. We found that Mxil 
interacted strongly with Max, weakly with c-Myc, and not at 
all with other related bHLH-Zip, bHLH, and bZlP proteins, 
including Mxil itself. We confirmed this result by immuno- 
precipitation experiments showing that in vitro translated 
Mxil interacted specifically with Max. Second, we per- 
formed gel retardation experiments that suggest that 
Max-Mxil heterooligomers recognize consensus Myc- 
Max-binding sites. Third, we performed yeast transcription 
experiments. In yeast, Mxil has almost no activation func- 
tion. Since acidic activation regions that function in higher 
cells typically function in yeast (Ft. B., unpublished data; 
G. Gill and R. Tjian, personal communication), these ex- 
periments suggest that the acidic residues in similarity 
region 2 do not contribute to a mammalian activation 
domain. 

Finally, in an effort to understand Mxil function in vivo, 
we examined the expression of its mRNA. mxil mRNA is 
expressed in all tissues tested, including ones, such as 
the adult brain, in which c-myc is not expressed. The cells 
in these tissues are terminally differentiated. To explore 
whether Mxil expression might change during differentia- 
tion, we monitored the expression of mxil mRNA in my- 

eloid cell lines whose c-rnyc mRNA levels were known to 
depend on their differentiation state. We found that, in 
U-937 cells that were provoked to undergo differentiation, 
the expression of mxil mRNA was strongly elevated at all 
times after induction, while expression of max and c-myc 
mRNA was elevated only slightly and at intermediate 
times. In HL-90 cells, which are deriied from less deter- 
mined cells, basal expression of mxil, max, and myc 
mRNAs was high; when granulocytic differentation was 
provoked by induction with retinoic acid, expression of 
mxil and max mRNA was not greatly altered, while, as 
expected, expression of c-myc mRNA was strongly re- 
duced. 

As assayed by interaction trap and gel retardation 
assays, Mxil interacts strongly with Max. The sequence 
of Mxil suggests one possible explanation for this specific- 
ity: a favorable ionic interaction between the Mxil and Max 
leucine zippers. Ascribing an important function to this 
interaction seems reasonable given the contribution that 
favorable leucine zipper interactions can make to dimer- 
ization of another bHLH-Zip protein, c-Myc itself (Halazo- 
netis and Kandil, 1991). Interaction trap experiments show 
that Mxil does not associate with itself, but do reveal a 
weak association between Mxil and c-Myc and between 
Mxil and n-Myc. These associations are only convincingly 
revealed by the very sensitive LexAop-LEU2 reporter in 
EGY49; they are marginally detected by the LexAop-/acZ 
reporter carried on pJK103 and are not detected by less 
sensitive LexAop-/acZ reporters or immunoprecipitation 
experiments (not shown). We believe the weak interac- 
tions are only revealed because of the relatively high intra- 
nuclear concentrations of Mxil in these experiments 
(low6 M in the yeast nucleus versus <lOeg M in typical 
immunoprecipitation experiments with in vitro translated 
proteins). The yeast experiments illustrate two points: that 
interaction trap assays provide a simple way to examine 
lower affinity protein-protein interactions than those de- 
tected by typical experiments with in vitro translated pro- 
teins and that the use of different reporters of different 
sensitivities in these assays can provide a measure of 
the strength of the interactions detected. We believe that 
further refinements of the interaction trap will allow its use 
to determine relative interaction affinities quantitatively; 
for the moment, we can neither determine the relative af- 
finities of Mxil and c-Myc for Max, nor, because the intra- 
nuclear concentrations of Mxil and Myc proteins in mam- 
malian cells are not known, can we determine whether the 
weak Mxi-Myc associations are likely to be of biological 
significance. 

This work and the accompanying paper (Ayer et al., 
1993) show that Max and Myc family proteins are members 
of a larger group of interacting proteins, within which Mxil 
and Mad constitute a distinct subfamily of Max interactors 
that may also include other members that have not yet 
been identified. Since Mxil and Mad may be expressed 
in different cell types and may also differ in biochemical 
function, it is possible that understanding Myc family pro- 
tein function in mammalian organisms may require identifi- 
cation and thorough study of all the proteins that comprise 
this interacting group. However, we have identified four 
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facts about Mxil that we believe are likely to be significant 
for such future understanding: its interaction with Max, its 
ability when complexed with Max to bind Myc-Max recog- 
nition sites, its lack of activation function in yeast, and 
its induction in differentiating monocytic cell lines. These 
facts suggest that Mxil may negatively regulate Myc func- 
tion in two ways: first by sequestering the Max that Myc 
needs to bind its DNA site and, second, by forming inert 
complexes with Max that compete with transcriptionally 
active Myc-Max heterodimers for binding sites. According 
to this view, Mxil would antagonize Myc-dependent onco- 
genesis, and, when its synthesis was induced during differ- 
entiation, it would accelerate the loss of c-Myc activity 
caused by down-regulation of the myc mRNA. 

Experimental Procedures 

Standard manipulations of Escherichia coli, nucleic acids, and yeast 
were performed essentially as described (Ausubel et al., 1992; Guthrie 
and Fink, 1992). E. coli K-12 strain KC8 pyrF::Tn5, hsdR, leuB600, 
trpC983O,lacD74, StrA, ga/K, his8436 was used for the rescue of yeast 
plasmidsasdescribed (J. Gyuris, E. A. Golemis, and Ft. B., submitted). 

Selection Straln 
EGY48 MATa trpl ura3 his3 LEU2::pLexAop&LEU2 was used as a 
host for all interaction experiments; it will be described in detail else- 
where(J. Gyuris, E. A. Golemis, and R. B., submitted). In the selection, 
it contained the reporter pJK103 (Kamens et al., 1990) which directs 
expression of a GALI-/acZ gene from two high affinity ColEl LexA 
operators (Ebina et al., 1983). This reporter presumably binds four 
LexA dimers; it is at least 5 times as sensitive to activation by LexA- 
containing proteins as is pi840 @rent and Ptashne, 1984; J. Gyuris 
et al., unpublished data), although it is still not as responsive as the 
LexAop-LEU2 reporter in EGY48. 

Baits 
All plasmids used to express the different baits were based on pl202PI 
(Ruden et al., 1991) which carries the HIS3+ marker and a 2um repli- 
cator. All baits contained at their the amino terminus the LexA DNA- 
binding domain and the C-terminal dimerization domain, which directs 
efficient operator occupancy by the bait (Golemis and Brent, 1992). 
LexA-Max contains the entire 151 residue form of the human Max 
protein (Blackwood and Eisenman, 1991) and LexA-c-Myc-Cterm 
(A. S. 2. and R. B., submitted)contains thecarboxy-terminal176amino 
acids of human oMyc, but lacks the activation domains (Kato et al., 
1990; E. A. Golemis et al., submitted). Both were cloned as EcoRI- 
BamHl fragments into PL202PI after polymerase chain reaction ampli- 
fication (A. S. 2. and R. B., submitted); in these constructions, no amino 
acids were introduced into the junction of these fusion proteins. LexA- 
FUS3 and LexA-CdcP, which contain the entire yeast FUS3 and the 
human Cdd proteins were as described (J. Gyuris, E. A. Golemis, and 
A. B., submitted). LexA-CLN3, which contains the entire yeast CLN3 
coding sequence, was a gift of Jeno Gyuris; LexA-bicoid, which con- 
tained residues 2-160 of the Drosophilabicoidgene product was a gift 
from Russ Finley; LexA-n-Myc, contained the 102 C-terminal amino 
acids of the n-Myc protein, including the bHLH-Zip; LexA-Id, which 
contained amino acids 64-133 of the human Id protein, was a gift 
of Steve Sloan and Tom Kadesh; LexA-Hairy and LexA-Da, which 
contained the full-length Drosophila ha@ product and residues 485- 
701 of the daughterless product, was a gift of Ze’ev Parroush and David 
Ish-Horowitz. 

Llbrary 
The oligo(dT)-primed HeLa cDNA yeast expression library will be de- 
scribed elsewhere (J. Gyuris et al., unpublished data). The vector, 
pJG4-5, directs the synthesis of library-encoded proteins that carry, at 
their amino termini, the influenza virus HA1 epitope tag, the 842 acidic 
activation domain, and the SV40 nuclear localization signal. 

Selection of Max Interactors 
An interaction trap selection (J. Gyuris, E. A. Golemis, and R. B., 
unpublished data) was performed in EGY48 into which pJK103 and 
PL-Max had been introduced by transformation. This strain was main- 
tained under selection for the URA3 and HIS3 markers and was trans- 
formed with the HeLa interaction library using a variation of the lithium 
acetatemethodof Itoetal. (1983)(R. Finley, personalcommunication). 
A total of 750,000 primary yeast transformants were selected on ten 
25 x 25 cm Ura- His Trp--glucose plates, scraped, pooled, and 
stored at -7OOC. Plating efficiency was determined on Ura- His Trp-- 
galactose plates and 5 colony-forming units per original transformant, 
approximately 4 x IO@ cells, was plated on two standard Ura- His- 
Trp- Leu-galactose plates. Three days later, colonies appeared; 
these were restreaked and tested on Ura- His- Trp- X-gal-glucose and 
Ura- His- Trp- X-gal-galactose. Plasmids from colonies that grew on 
Leu- plates and turned blue on X-gal medium were isolated as de- 
scribed by Hoffman and Winston (1987) and introduced into KC8 cells 
byelectroporation. Libraryplasmidswereselected by plating the trans- 
formation mix on 1 x A glucose plates containing ampicillin, uracil, 
histidine, leucine, and thiamine (Miller, 1972) but lacking tryptophan. 

cDNAs were analyzed first by restriction mapping using EcoRI, 
Xhol, and Alul enzymes and sorted into classes depending on their 
restriction map pattern. At least one representative cDNA from each 
class was partially sequenced by the dideoxy method using modified 
T7 DNA polymerase and a commercially available kit (US Biochemi- 
cals). The full-length cDNA clone for Mxil was isolated from a HeLa 
cDNA library in I.ZAPII (Stratagene, Inc.). A total of 1.5 x IO6 plaques 
werescreened using standard techniques(Ausubel et al., 1992). Three 
positive clones were isolated, of which the longest contained a cDNA 
insert of 2.4 kb. Following phagemid rescue the cDNA was completely 
sequenced using customized oligonucleotide primers and collapsed 
supercoiled DNA as template as above. 

DNA Bindlng Assays 
Gel retardation DNA binding assays were performed essentially as 
described in Papoulas et al. (1992). Purified Max and c-Myc bHLH- 
Zip (which contained residues 342-439 of human c-Myc), made from 
recombinant E. coli, were gifts of Ophelia Papoulas. GST-Mxil was 
made as follows: a fragment that contained the entire coding sequence 
of Mxil was amplified using polymerase chain reaction, subcloned into 
pGEX-PT (Pharmacia), and transformed into DH5a cells. The fusion 
protein was induced and isolated as described (Smith and Corcoran, 
1989). A double-stranded oligonucleotide, 5”GGAAGCAGACCACGT- 
GGTCTGCTTCC-3’, that contained the CACGTG consensus site was a 
gift from Thanos Halazonetis. Approximately 0.5 ug of oligonucleotide 
was end labeled with [y-“P]ATP. Binding assays contained the indi- 
cated concentrations of purified Max, c-Myc bHLH-Zip, GST-Mxil, 
and 0.5 ng of the labeled DNA probe. Assays were performed in a 
volume of 20 ul, so that the concentration of binding site was 2.5 x 
10miO M, the concentration of GST-Mxil ranged from 3 x 10.’ M (1 pl 
of Mxil in the binding reaction) to 1.5 x lo-@ M (5 ul in the binding 
reaction), the concentration of Max was typically 5 x 1O-g M, and 
the concentration of c-Myc bHLH-Zip, which had been purified after 
renaturation after guanidium treatment of an insoluble protein pellet, 
was 2.5 x IO-’ M. In these assays, the poly(dl-dC) often used as a 
nonspecific competitor was substituted with 200 ng (1200x molar 
excess over labeled oligonucleotide) of a nonspecific single-stranded 
oligonucleotide (5”GTAATGCATCCAGTTC-3’) (as in Halazonetis and 
Kandil, 1991). Binding was allowed to proceed for 20 min at room 
temperature in reaction buffer that contained IO mM Tris (pH 7.4) 80 
mM NaCI, 1 mM dithiothreitol, 5% glycerol. Where indicated, 1 ~1 of 
either control or anti-Max antiserum was added to the reactions. Bind- 
ing mixtures were run on a 5% polyactylamide gel (29:1, acrylamide: 
bisacrylamide) that contained 0.5 x TBE buffer with 0.01% NP40, 
with running buffer that contained 0.5 x TBE and 0.05% NP-40, after 
which gels were dried and autoradiographed. 

RNA Isolation and Northern Blot Analysls 
mRNA from differentiating U-937 and HL-60 cells was a gift of Ralf 
Hass and Donald Kufe. Ceils were grown in RPM 1640 containing 
10% (for U-937)or 15% (for HL-60) heat-inactivated fetal bovine serum, 
100 U/ml penicillin, 100 @ml streptomycin, and 2 mM L-glutamine. 
U-937 cells were treated with 32 nM TPA (Sigma), and HL-60 cells 
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were treated with 1 uM retinoic acid (Sigma) for the indicated times. 
Total RNA was isotated using the guanidine isothtyanate-cesium 
chloride method (Chirgwin et al., 1979). RNA (20 ug) from each time 
point was run on 1% agarose-formaldehyde gels and transferred to 
nylon membranes (Zeta-Probe, Bio-Rad), ultraviolet cross-linked, and 
hybridized as described (Ausubel et al., 1992) to the following 
“P-labeled DNA probes: probe a, a 425 bp Xhol-Xhol fragment from 
pTZ6 corresponding to nucleotides 595 to 1020 of Mxil ; probe b, a 460 
bp EcoRI-BamHI fragment from plasmid pSHmax (A. S. Z., unpub- 
lished data) carrying the full-length coding sequence of Max; probe c, 
a 1325 bp EcoRI-BamHI fragment from pSHmyc(A. S. Z., unpublished 
data) that contained the human c-Myc coding sequence; probe d, a 
1269 bp Pstl-Pstl fragment that carried the full-length human glyceral- 
dehyde-phosphate-dehydrogenase (GAPD) coding sequence (Toku- 
naga et al., 1967). 
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