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The c-Myb transcription factor is a proto-oncoprotein whose latent transforming activity can be unmasked by 

truncation of either terminus. Because both ends of Myb are involved in negative regulation, we tested 

whether they could associate in a two-hybrid assay and identified a carboxy-terminal motif that interacts with 

the amino-terminal DNA-binding domain. The EVES motif is highly conserved in vertebrate c-Myb proteins 

and contains a known site of phosphorylation previously implicated in the negative regulation of c-Myb. 

Interestingly, a related EVES motif is present in pl00, a ubiquitously expressed transcriptional coactivator 

found in diverse species. We show that plO0 interacts with and influences the activity of c-Myb, implicating 

it in the regulation of c-Myb, differentiation, and cell growth. Our results suggest that Myb is regulated by a 

novel mechanism in which intramolecular interactions and conformational changes control the 

intermolecular associations among Myb, pl00, and the transcriptional apparatus. 
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Transforming retroviruses are tumorigenic because they 

have transduced activated versions of proto-oncogenes, 

the regulators of growth and differentiation in normal 

cells (Bishop 1991). Some proto-oncogenes, such as c-src 

and c-myc, can transform cells if sufficiently overex- 

pressed. For others, like c-ras, c-jun, and c-rnyb, activat- 

ing mutations are required to unmask the full transform- 

ing potential of the proteins. Activated versions of c-myb 
have been transduced independently by two different 

avian leukemia viruses, avian myeloblastosis virus 

(AMV} and E26, both of which transform immature he- 

matopoietic cells in vitro and induce acute myeloid leu- 
kemias in birds. Activation of the c-myb gene by retro- 

virus insertion has been linked to tumor formation in 

mammals (Shen-Ong et al. 1986; Mukhopadhyaya and 

Wolff 1992; Nason-Burchenal and Wolff 1993), and ec- 

topic overexpression of full length c-Myb blocks the in- 

duced differentiation of hematopoietic cells in tissue 

culture (Clarke et al. 1988; Todokoro et al. 1988; Mc- 

Clinton et al. 1990; Yanagisawa et al. 1991; Selvakuma- 

ran et al. 1992; Smarda and Lipsick 1994; Bies et al. 

1995), suggesting that c-Myb plays a role in maintaining 

the undifferentiated, proliferating state of the immature 

cells. 

The c- and v-Myb proteins share a common DNA- 

binding domain motif that resembles two or three con- 
catenated homeo domains (Frampton et al. 1989; Ogata 
et al. 1993, 1994). This structure has been conserved in 

1Corresponding author. 

related DNA-binding proteins from animals, plants, and 

fungi (for review, see Ness 1996; Ramachandran et al. 

1994), as well as in two other animal proteins, A-Myb 

and B-Myb (Nomura et al. 1988). All of these proteins are 

transcription factors that presumably regulate the ex- 

pression of genes important for cell growth and differen- 

tiation. Although a number of potential Myb-regulated 

genes have been identified (for review, see Ness 1996), 

none has been definitively linked to Myb's ability to 

transform cells or induce leukemias. 
Numerous experiments have demonstrated that trun- 

cation leads to activation of the c-Myb protein. For ex- 

ample, both forms of v-Myb are truncated at the ends, 

and only truncated versions of c-Myb are able to effi- 

ciently transform cells or to induce tumors in animals 

(Gonda et al. 1989a, b; Gr~isser et al. 1991; Ferrao et al. 

1995). Ectopic overexpression of full-length c-myb in 

transgenic mice leads to numerous abnormalities but 

does not induce tumors or leukemias (Furuta et al. 1993). 

Interestingly, analyses of tumors with activated c-myb 
genes suggest that the protein's transforming activity 

can be partially unmasked by removal of either end 

(Shen-Ong et al. 1984, 1986; Gonda et al. 1989a; Hu et al. 

1991 ), and in vitro experiments have confirmed that both 

termini contribute to negative regulation (Ramsay et al. 
1991; Dini and Lipsick 1993; Nomura et al. 1993; Dini et 
al. 1995). The complex nature of c-Myb suggests that 
multiple mechanisms may influence its activity. For ex- 
ample, regulatory phosphorylation sites have been iden- 

tified near both the amino and carboxyl termini of c-Myb 
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(L~scher et al. 1990; Aziz et al. 1993, 1995; Oelge- 

schl~iger et al. 1995), and several regions of the protein 

have been implicated in interactions wi th  potential reg- 

ulators (Dubendorff et al. 1992; Kanei-Ishii et al. 1992; 

Nomura  et al. 1993; Favier and Gonda 1994; Vor- 

brueggen et al. 1994). 

Although many  different experiments have confirmed 

that the termini  of c-Myb inhibi t  its activity, l i t t le is 

known about how this negative autoregulation is actu- 

ally media ted .  Using a combinat ion of protein interac- 

tion assays in yeast cells and in vitro, we show that a 

novel intramolecular  mechan i sm regulates c-Myb activ- 

ity. We propose that the carboxy-terminal negative reg- 

ulatory domain  in c-Myb "folds back" to bind to the 

protein's amino- terminal  DNA-binding domain. This  

regulation depends on a protein interaction motif  that 

contains a previously identified regulatory phosphoryla- 

tion site. Furthermore, the motif  is shared by both the 

c-Myb negative regulatory domain and a ubiquitous co- 

activator protein that also binds to Myb. Thus, the abil- 

ity of c-Myb to interact wi th  a cellular cofactor appears 

to be regulated by competing inter- and intramolecular  

interactions. 
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Results 

The two ends of c-Myb interact in yeast 

Numerous  studies have suggested that both ends of the 

c-Myb protein are involved in negative autoregulation of 

its activity. We hypothesized that this regulation could 

be mediated by a direct interaction between the amino- 

and carboxy-terminal ends of the protein and tested this 

using the yeast two-hybrid or interaction trap system 

{Fields and Song 1989; Zervos et al. 1993). Briefly, a 

"bait"  molecule was constructed that fused the amino- 

terminal  192 amino acids of chick c-Myb to the DNA- 

binding domain of the Escherichia coli LexA protein (Fig. 

1A, B). The resulting LexA-Myb192 construct was able 

to bind to LexA operators, but lacked inherent  trans- 

activation activity, and failed to induce the expression of 

the LexA operator-dependent LEU2 or lacZ reporter 

genes on its own (Fig. 1C; data not shown). The LexA- 

Myb192 bait was tested wi th  a number  of target proteins 

expressed from plasmid pJG4-5, a yeast vector designed 

to express recombinant  proteins fused to a nuclear tar- 

geting signal and an epitope tag (Gyuris et al. 1993). In- 

teraction between the two expressed proteins is detected 

by following the induct ion of the LE U2 and lacZ reporter 

genes, which  confer the abili ty to grow on leucine-defi- 

cient m e d i u m  or to accumulate  ~-galactosidase activity 

{blue color on X-gal medium), respectively. 

Interestingly, the LexA-Myb192 protein interacted 

wi th  fusion proteins derived from the carboxy-terminal 

regions of c-Myb. As shown in Figure 1C, the yeast re- 

porter strain did not grow on leucine-deficient med ium 

when LexA-Myb192 was coexpressed wi th  the pJG4-5 

vector alone or wi th  a number  of other control fusion 

proteins (Fig. 2; data not shown). However, significant 

growth on leucine-deficient med ium was observed when  

Figure 1. The two ends of c-Myb interact in a two-hybrid as- 
say. (A) Structure and conserved domains in c- and v-Myb pro- 
teins. The diagrams depict the primary structures of c-Myb (642 
amino acids) and the v-Myb-containing proteins encoded by the 
AMV and E26 viruses. The Myb repeats (R1, R2, and R3) that 
constitute the c-Myb-DBD are indicated at the top, as are the 
domains responsible for trans-activation and negative regula- 
tion. Shaded blocks indicate regions of highest conservation be- 
tween vertebrate c-Myb proteins. Non-Myb regions of the viral 
proteins (not drawn to scale) are shaded black. These include 6 
and 272 amino-terminal amino acids derived from Gag in the 
AMV and E26 proteins, respectively, plus the 491 carboxy-ter- 
minal amino acids of v-Ets, which are E26-specific. The 11 
AMV-specific point mutations are indicated by dots. (B) Two- 
hybrid assay constituents. (BAIT) An amino-terminal fragment 
of the chick c-Myb cDNA was transferred to the yeast vector 
pEG202. The resulting plasmid expressed a fusion protein 
(LexA-Myb192) composed of 202 and 192 amino acids derived 
from LexA and c-Myb, respectively, and containing the DNA- 
binding domains of each. (TARGETS) A fragment from the 
c-Myb cDNA encoding amino acids 225-562 was transferred to 
the yeast expression vector pJG4-5, resulting in expression of 
the c-Myb peptide fused to the combination of an epitope tag, 
nuclear targeting signal, and trans-activation domain (indicated 
by TAD), under the control of the inducible GALl promoter. 
The pJG4-5 vector without an insert served as a negative con- 
trol. (C) Results. The bait and target plasmids described above 
were introduced into the yeast strain EGY48, which contains an 
integrated LEU2 reporter gene under the control of six LexA 
operators. The results with five independent colonies contain- 
ing the LexA-Myb192 bait expressed with either the carboxy- 
terminal fragment from c-Myb (target C) or the vector control 
(target V) are shown. The yeast strains were replica-plated onto 
nonselective medium containing leucine or selective medium 
without leucine, as indicated. Growth on leucine-deficient me- 
dium requires induction of the LE U2 gene and indicates that the 
bait and target proteins interact. Similar results were obtained 
using the LexA-inducible lacZ reporter gene on plasmid pSH18- 
34 {not shown). 
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LexA-Myb 192 was coexpressed with target proteins con- 
taining the carboxy-terminal region of c-Myb, suggesting 
that the two ends of Myb can interact in trans (Fig. 1C). 

The carboxy-terminal fragment that interacted with 
LexA-Myb192 spanned amino acids 225-562 (based on 
the chick c-Myb protein numbering system) and in- 
cluded several domains that have been highly conserved 
in c-Myb proteins from different species (Fig. 1A; for re- 
view, see Ness 1996). We generated a series of deletion 
constructs and tested them in the same two-hybrid as- 
say, to identify the domains responsible for interacting 
with the amino terminus of Myb. The LexA-Myb192 
protein did not interact with the central region of c-Myb 
(amino acids 190-370), containing the transcriptional 
trans-act ivat ion domain (Weston and Bishop 1989) or 
with the extreme carboxyl terminus (amino acids 562- 
642; Fig. 2A). However, it interacted efficiently with all 
the fusion proteins that included a peptide spanning 
amino acids 513-563 in the chicken c-Myb protein. This 
region of c-Myb contains the highly conserved string of 
amino acids EVES (in the single-letter amino acid code), 

which forms a recently identified phosphorylation site 
involved in negative regulation (Aziz et al. 1995). For 
simplicity, we will refer to this region of c-Myb as the 

EVES domain. 

The EVES domain interacts with the DNA-binding 

domain of Myb 

The initial two-hybrid results described above demon- 
strated that the conserved EVES domain can interact 
with the amino-terminal 192 amino acids of c-Myb. We 
next tested whether the carboxy-terminal domains of 
c-Myb could also interact with a bait molecule derived 
from the AMV v-Myb protein. As shown in Figure 2A, 
the LexA-AMV protein contains amino acids 72-192 of 
c-Myb, a region that has been defined as the minimum 
DNA-binding domain of Myb (Myb-DBD) (Howe et al. 
1990; Garcia et al. 1991). However, the AMV version 
also contains several point mutations that enhance its 
transforming activity (Introna et al. 1990; Dini et al. 
1995). Interestingly, the LexA-AMV protein interacted 

Figure  2. Two interacting domains of c-Myb. (A) Interaction 

domains in c-Myb. The structures of the c-Myb and AMV 

v-Myb proteins are illustrated at the top. Two-hybrid interac- 

tion assays were performed as described in Fig. 1. Baits con- 

tained the c-Myb or AMV DNA-binding domains fused to LexA. 

Targets had the indicated carboxy-terminal domains from 

c-Myb fused to an epitope tag, nuclear targeting signal, and 

trans-activation domain (TAD). Numbers indicate the c-Myb- 

derived amino acids included in each construct. (+) The bait 

and target interact, as judged by growth on leucine-deficient 

medium and induction of 13-galactosidase activity (blue colonies 

on X-gal plates). (See Materials and methods for details.)(B) 

Domains in c-Myb interact efficiently. Two-hybrid assays in 

yeast were performed as described above and in Fig. 1, except 

that extracts prepared from log-phase cultures of yeast were 

assayed for 13-galactosidase activity in solution using a calori- 

metric assay. The results, given in arbitrary units normalized 
for protein concentration, are shown at right. The bait and tar- 

get proteins are described above. The positive control was plas- 

mid pSH17-4, which encodes a protein with the LexA DNA- 

binding domain fused directly to an acidic trans-activation 
domain. (C) The interactions are Myb-specific. The yeast two- 

hybrid assay was reversed by expressing a bait construct having 

a carboxy-terminal fragment from c-Myb fused to the LexA 

DNA-binding domain. The target proteins included the indi- 
cated regions from the amino terminus of c-Myb or AMV 

v-Myb, or a full-length, intact version of AMV v-Myb protein 

(see text for detailst. Assays, ptasmids, and results are as de- 
scribed above. 
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efficiently with the fusion protein targets containing the 

EVES domain (Fig. 2A), indicating both that the AMV- 

specific point mutations do not disrupt the ability of the 

two ends of Myb to interact and that amino acids 72-192 

of Myb are sufficient for the interaction with the EVES 

domain. 

Although two-hybrid system results can be difficult to 

correlate with biochemical measurements of protein af- 

finity, they can provide qualitative estimates of interac- 

tion strengths (Estojak et al. 1995). As shown in Figure 

2B, only a background level of ~-galactosidase activity 

was expressed by yeast strains expressing the LexA- 

AMV bait either by itself or coexpressed with portions of 

c-Myb lacking the EVES domain. However, the combi- 

nation of LexA-AMV plus target proteins containing the 

EVES domain induced high levels of ~-galactosidase ac- 

tivity, comparable to the levels induced by the positive 

control (LexA fused directly to a strong trans-activation 

domain). Although these data do not allow us to estimate 

protein affinities, they do suggest that the EVES domain 

interacts fairly efficiently with the Myb-DBD. 

As a further control, the two-hybrid assay was reversed 

so that the EVES domain became the bait. A LexA fusion 

protein derived from the carboxyl terminus of c-Myb and 

containing the EVES domain interacted efficiently with 

Myb192, the amino-terminal 192 amino acids of Myb 

expressed in plasmid pJG4-5 (Fig. 2C). It also interacted 

efficiently with an intact AMV v-Myb-transforming pro- 

tein expressed from a yeast expression plasmid. The lat- 

ter protein spans amino acids 72--436 of c-Myb, includ- 

ing the DNA-binding and trans-activation domains but 

lacks the extreme amino terminus of c-Myb as well as 

the carboxy-terminal negative regulatory region and the 

EVES domain. Furthermore, it contains no amino acids 

derived from LexA or the expression vectors. This rules 

out the possibility that either the introduced nuclear tar- 

geting signals or epitope tags contributed by the two- 

hybrid system expression vectors could be playing sig- 

nificant roles in the observed interactions and demon- 

strates that the EVES domain can interact with an intact 

v-Myb-transforming protein. 

A coimmunoprecipitation assay was used as an inde- 

pendent analysis of the interaction between the two ends 

of Myb and to verify that the two termini could physi- 

cally associate in yeast. Briefly, extracts were prepared 

from control yeast cells or yeast expressing the intact 

AMV v-Myb protein, either alone or with an hemagglu- 

tinin (HA) epitope-tagged version of the EVES domain 

(Fig. 3). In Western blots of whole cell lysates (Fig. 3, 

lanes 1-6), the HA-EVES protein was detected with HA 

epitope-specific antibodies (Fig. 3, lane 2) and the AMV 

v-Myb protein with anti-Myb antibodies (Fig. 3, lanes 

4,5). To  test for interaction, similar samples were first 

subjected to immunoprecipitation with anti-Myb or pre- 
immune antisera, and the resulting precipitates were an- 

alyzed by Western blotting. The AMV v-Myb protein 

was efficiently immunoprecipitated with antiserum spe- 

cific for the Myb--DBD, but not with control, preim- 

mune serum (Fig. 3, cf. lanes 9 and 10 with 13 and 14). 

The HA-EVES protein was coisolated with Myb, but 

Total Samples 

AMVv-Myb:  + + - + + - 

H A - E V E S : -  + + - 

2 3  4 5 6  

-Myb ~ !~2 i 

Myb-IP Pre- lmm 

+ + + + + + + + 

- + - + - + - + 

7 8 910 11 121314 

,ii~i i!!! - 

Blot: HA Myb HA Myb HA Myb 

Figure 3. The termini of c-Myb form a complex in solution. 
Whole-cell extracts were prepared from control yeast [lanes 3,6) 
or from yeast cells expressing AMV v-Myb alone [lanes 
1,4, 7,9,11,13) or together with the HA-EVES protein spanning 
amino acids 513-642 of chick c-Myb (lanes 2,5,8,10,12,14), as 
indicated at the top. The extracts were analyzed directly [[Total 
Samples) lanes 1-6] or after immunoprecipitation with antisera 
specific for the Myb-DBD [(Myb-IP) lanes 7-10] or pre-immune 
control serum [(Pre-Imm) lanes I1-14]. The crude extracts or 
immunoprecipitates were analyzed by Western blotting using 
monoclonal antibodies directed against the HA epitope tag [Blot 
(HA) lanes I-3,7,8,I1,I2); or the Myb--DBD [Blot: (Myb) lanes 
4-6,9,10,13,14] as indicated at the bottom. The migration of the 
v-Myb and HA-EVES proteins are indicated at the left. The star 
indicates the migration of an HA antibody-reactive yeast protein 
detected in all total extracts. Horizontal, black bars on the right 
indicate the migration of prestained molecular weight markers 
[(Bio-Rad) from top]: 112,000; 84,000; 53,200; 34,900; 28,700; 
20,500. 

only when Myb-specific antiserum was used for the im- 

munoprecipitation (Fig. 3, lane 8). It was not immuno- 

precipitated by control antisera (Fig. 3, lane 12) and was 

not detected in extracts from yeast expressing Myb by 

itself (Fig. 3, lanes 1,7,11), ruling out that the immuno- 

reactivity was attributable to contaminating yeast pro- 

teins. We conclude that the Myb--DBD and EVES domain 

interact directly, by forming a stable complex in eukary- 

otic cells. 

The EVES domain is highly conserved in c-Myb 

proteins 

The results described above demonstrate that the EVES 

domain mediates interactions between the two ends of 

Myb, implicating it in the negative regulation of the pro- 

tein. The EVES domain is found in all vertebrate c-Myb 

proteins: 16 of 25 residues around the EVES sequence are 

identical in c-Myb proteins from humans, mice (which 

have AVES rather than EVES), chickens, and frogs (Fig. 

4A). Two-hybrid analyses confirmed that the EVES do- 

main from the Xenopus protein also interacted with the 
c-Myb-DBD (data not shown). This result is quite sig- 

nificant and has several implications. First, it suggests 

that the intramolecular interactions that we have de- 

tected have been conserved in Myb proteins from species 

as diverse as mammals and amphibians, suggesting that 
they are important for the function of the protein. Sec- 
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Figure 4. The EVES domain is conserved in c-Myb and pl00. 
(A) Comparison of EVES domains from X. laevis (amino acids 
497-547, X1), mouse (amino acids 466-516, Mu), human (amino 
acids 512-562, Hu), and chicken (amino acids 513-563, Ch) 
c-Myb proteins (GenBank accession nos. L22741, M12848, 
M15024, and M14129, respectively). The most highly conserved 
positions are shown at the bottom (Consens). (B) Comparison of 
EVES domains from chicken c-Myb (Ch-c-myb; amino acids 
513-563), the human transcriptional coactivator pl00 (Hu- 
pl00; GenBank accession no. U22055; amino acids 555--604), 
and a related C. elegans gene product (Wm-pl00; GenBank ac- 
cession no. U40029; predicted gene product F10G7.2; amino 
acids 581-630). The latter two proteins were identified using 
the BLAST program as described in Materials and methods. The 
most highly conserved amino acids are shown at the top, with 
conserved charged (*) and hydrophobic (#) residues. 

ond, the most  highly conserved amino acids in this re- 

gion are most  l ikely to be involved in the interaction 

wi th  the amino terminus.  The conserved amino acids 

define an - 2 5  amino acid long consensus motif  that 

might  also be found in other Myb-binding proteins. 

teins known to be transcriptional coactivators prompted 

us to test whether  the EVES domain of h u m a n  p l00  

could interact wi th  Myb. As shown in Figure 5, the EVES 

domain at amino acids 545-609 of the h u m a n  p l00  pro- 

tein interacted efficiently in a two-hybrid assay with 

both the c-Myb and AMV v-Myb-DBDs but not wi th  

control proteins. These results suggest that the EVES 

domain mediates interactions between Myb proteins and 

the p l00 transcriptional coactivator. 

Full-length Myb and pl O0 proteins interact 

The experiments described above demonstrated that the 

isolated EVES domain from the p l00 protein could in- 

teract with Myb. We used an indirect immunoprecipi ta-  

tion assay to e l iminate  the influence of extraneous yeast 

proteins or other components  of the two-hybrid system, 

and to test whether intact and full-length p 100 and Myb 

proteins would associate. Full-length, 3SS-labeled h u m a n  

p l00 protein was synthesized in vitro, using an expres- 

sion vector that resulted in production of the p l00 pro- 

tein fused to an amino- terminal  FLAG epitope tag (Tong 

et al. 1995). First, to rule out that other proteins partic- 

ipated in the p 100-Myb complex, the recombinant  p 100 

protein was incubated with a highly purified, bacterial- 

expressed fragment of the chicken c-Myb protein that 

spanned amino acids 72-192, the m i n i m a l  DNA-binding 

domain. After a brief incubation, protein complexes 

were isolated by immunoprecip i ta t ion  using antisera 

specific for the Myb-DBD or the FLAG epitope tag in 

p l00. P re immune  ant iserum was used in parallel as a 

negative control. The resulting immunoprecipi ta tes  

were analyzed by SDS-polyacrylamide gel electrophore- 

A transcriptional coactivator contains a functional 

EVES domain 

Several studies have suggested that cellular proteins in- 

teract wi th  the Myb-DBD (Introna et al. 1990; Dini  et al. 

1995). We speculated that other Myb-binding proteins 

might  have a domain related to EVES and, therefore, 

compared the chicken c-Myb EVES domain sequence 

(amino acids 513-563) to all entries in the protein se- 

quence libraries available at the National  Center for Bio- 

technology Information (NCBI), using the BLAST net- 

work service (Ahschul  et al. 1990). The most  related 

non-Myb protein detected by this method is p l00, a re- 

cently characterized, 100-kD transcriptional coactivator, 

originally identified in Epstein-Barr virus (EBV)-trans- 

formed B cells. The p l00  protein binds to EBNA-2, a 

transcription factor encoded by EBV, as well  as the RNA 

polymerase II ini t iat ion factor TFIIE (Tong et al. 1995). 

An open reading frame from the nematode Caenorhab- 

ditis elegans (cosmid F10G7.2) is predicted to encode a 

plOO-related protein that also has an EVES domain (Fig. 

4B). Thus, the EVES domain has been conserved in 

c-Myb proteins and putative transcriptional cofactor pro- 

teins from diverse species. 

The identif ication of potential  EVES domains in pro- 

EVES 
plOO 

T A R G E T :  (plO0 545-609) 

Reporter Gene 
Activation 

R1 R2 R3 
BAITS: (--c~x-~lll i i i (c_Mybl_192) 4" 

(AMV 72-192) "~ 

B,co,d ] 

Figure 5. The EVES domain from pl00 interacts with Myb in 
yeast. The EVES domain from human pl00 (GenBank accession 
no. U22055; amino acids 545-609) was transferred to the yeast 
two-hybrid target vector pJG4-5 and then tested as described in 
Figs. 1 and 2. Bait plasmids expressed LexA fused to the DNA- 
binding domains of c-Myb or AMV v-Myb (see Fig. 2), a tran- 
scriptionally inactive region of the Drosophila melanogaster 
Bicoid protein (amino acids 2-160, plasmid pRFHM1) or the 
vector pEG202 (LexA) alone. Positive interaction was scored as 
growth on leucine-deficient medium and by induction of ~-ga- 
lactosidase activity as described in Figs. 1 and 2. 
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sis, and the radiolabeled p l00 protein was detected by 

fluorography or autoradiography. 

The anti-FLAG epitope tag-specific antiserum effec- 

tively immunoprecipitated the in vitro-translated pl00 

protein, whereas only background levels were recovered 

when either preimmune or anti-Myb antisera were used 

(Fig. 6, lanes 1-3). However, both the anti-FLAG and 

anti-Myb antisera immunoprecipitated p l00 when puri- 

fied, recombinant Myb protein was added (Fig. 6, lanes 

5,6). Control experiments verified that the anti-FLAG 

antiserum did not cross-react with Myb (data not 

shown). In addition, the preimmune serum still immu- 

noprecipitated only background levels of pl00 (Fig. 6, 

lane 4), ruling out that the addition of bacterial-ex- 

pressed Myb protein increased the recovery of the pl00 

through a nonspecific mechanism. A similar result was 

obtained when the experiment was repeated using a par- 

tially purified human c-Myb preparation derived from 

Jurkat T-cell nuclear extracts (Fig. 6, lanes 7-9). Again, 
although the preimmune serum gave only background 

levels of p 100, both the anti-FLAG and anti-Myb antisera 

were effective at immunoprecipitating the radiolabeled 

p 100 protein. The anti-Myb antiserum was unable to im- 

munoprecipitate a mutant  form of p l00 lacking the 

EVES domain (amino acids 545-609; Fig. 6, lanes 10-12). 

Thus, anti-Myb antisera can immunoprecipitate p l00 

only when c-Myb is present and only when the p l00 

EVES domain is intact. We conclude that the EVES do- 

main mediates the formation of a stable complex be- 
tween c-Myb and pl00. 

plO0 affects Myb activity 

The experiments described above demonstrated that 

Antiserum: P F M P F M 

Bact. Myb: + + + 

Jurkat c-Myb: 

plO0 

1 2 3  4 5 6  

P F M P F M 

+ + + + + + 

7 8 9 10 11 12 

Full-length pl00 

<..- 

!ii!!:ili:  

: 

A EVES 

Figure 6. Myb and pl00 proteins interact in vitro. An in vitro 

transcript ion/translat ion system was used to generate full- 

length (lanes 1-9) or mutan t  (AEVES, lanes 10-12) ssS-labeled 

h u m a n  pl00 proteins wi th  an incorporated amino-terminal  

FLAG epitope tag. The samples were mixed with control ex- 

tracts (lanes 1-3), purified, bacterially expressed c-Myb-DBD 

(lanes 4-61, or a c-Myb-enriched nuclear extract from h u m a n  

Jurkat T cells (lanes 7-12). After incubation on ice, p 100 protein 
was immunoprecipitated using preimmune serum [(P) lanes 
1,4,7,10], antiserum directed against the incorporated FLAG 
epitope tag [(F) lanes 2,5,8,11], or Myb-specific ant iserum [(M) 

lanes 3,6,9,12]. The immunoprecipi ta tes  were washed under 

stringent conditions and analyzed as described in Materials and 

methods. 

EVES motif regulation of c-Myb 

p 100 could interact with c-Myb and v-Myb proteins, but 

did not address whether it functioned in Myb-regulated 

gene expression. A cotransfection assay was used to de- 

termine whether ectopic overexpression of p l00 would 

influence transcriptional activation by c-Myb. Briefly, 

QT6 (quail fibroblast) cells were transfected with a re- 

porter gene derived from the chicken mira-1 gene pro- 

moter, with or without expression vectors for pl00 and 

c-Myb. In addition, all samples included a plasmid ex- 

pressing NF-M, the avian version of C/EBPf3 or NF-IL6 

that cooperates with Myb to fully activate the mira-1 

promoter (Ness et al. 1989, 1993; Burk et al. 1993). 

The mim-1 promoter showed only modest activity in 

the absence of Myb but was strongly induced when the 

cells were transfected with a c-Myb expression plasmid 

(Fig. 7). Interestingly, additional expression vector plas- 

mid (without an insert) had no effect on the ability of 

c-Myb to activate the promoter or on the basal level of 

promoter activity observed in the absence of Myb. How- 

ever, the plasmid expressing p 100 had a significant effect 

on Myb activity, resulting in a marked reduction in 

mira-1 promoter activity. Interestingly, pl00 did not af- 

fect the Myb-independent activity of the mim-1 pro- 

moter, suggesting that it inhibited the activity of c-Myb. 

From these data alone we cannot determine whether 

pl00 functions as an inhibitor of c-Myb activity or 

whether its overexpression inhibits indirectly through 

titration of a limiting cellular component. Nevertheless, 

the results suggest that pl00 is a specific cellular factor 
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Figure 7. Effect of pl00 on Myb activity. QT6 (quail fibroblast) 
cells were transfected with 0.5 v-g of a mira-1 promoter-lu- 
ciferase reporter gene construct plus 0.5 wg of an NF-M expres- 
sion plasmid, using DEAE-dextran. Each sample either did not 
(open bars) or did (shaded bars) receive 0.5 wg of a c-Myb expres- 
sion vector as well. In addition, some samples received either 
1.5 ~g of the expression vector or 1.5 ~g of the plasmid express- 
ing human pl00, as indicated at the bottom. Cells were har- 
vested 2 days after transfection, and luciferase activities were 
determined as described in Materials and methods. The average 
values of duplicate assays are reported. These results are typical 
of many independent experiments. 
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that influences the ability of c-Myb to activate gene ex- 
pression. 

Discussion 

We set out to test a simple hypothesis: Because trunca- 

tion of either terminus can activate c-Myb, negative reg- 

ulation could be mediated by a direct interaction be- 

tween its two ends. Using both the yeast two-hybrid sys- 

tem and biochemical assays, we found that the two 

termini of c-Myb do associate in yeast and that they can 

form a stable, immunoprecipitable complex mediated by 

a conserved carboxy-terminal domain containing the se- 

quence EVES. This same sequence has been shown to be 

a substrate for phosphorylation both in vivo and in vitro, 

and mutation of this site renders c-Myb more active in 

trans-activation assays (Aziz et al. 1993, 1995). We have 

also identified a cellular transcription cofactor that con- 

tains a highly related EVES domain, that interacts with 

c-Myb both in yeast and in vitro, and that modifies the 
transcriptional activity of c-Myb. 

Our data suggest that the EVES domains from Myb and 

p l00 bind directly to the Myb-DBD. This is based on 

results using yeast two-hybrid assays af~d reconstitution 

experiments demonstrating that pl00 can interact with 

purified, recombinant Myb-DBD in vitro. We have been 

unable to demonstrate interactions between the Myb-- 

DBD and purified, bacterially expressed EVES domains, 

suggesting that phosphorylation of the latter may be re- 

quired. We cannot rule out the possibility that the EVES 

domains interact with an intermediary protein, which 

could be present in reticulocyte lysate and which in turn 

binds to the Myb-DBD. However, such a protein would 

have to be widely expressed and highly conserved among 

species, as the Myb-DBD and EVES domain proteins 

from a variety of sources (Jurkat T cells, baculovirus- 

infected insect cells, rabbit reticulocyte lysates, and 

yeast) can interact in vitro. We also cannot rule out the 

possibility that the EVES domain might mediate the for- 

mation of head-to-tail multimers of c-Myb. Interest- 
ingly, we have recently found that native c-Myb protein 

isolated from nuclei exists in a high molecular weight 

complex (J. Leverson and S.A. Ness, unpubl.). We are 

currently investigating the nature of this complex and 

whether it contains pl00. 

Besides EVES, several studies have demonstrated that 

additional regions of c-Myb also play important negative 

regulatory roles (Sakura et al. 1989; Bortner and Os- 

trowski 1991; Gr/isser et al. 1991; Hu et al. 1991; Duben- 

dorff et al. 1992; Kanei-Ishii et al. 1992; Nomura et al. 

1993). Thus, we must conclude that EVES is but one 
component of a complex domain that regulates c-Myb 

activity. Although the EVES motif is conserved in all 

vertebrate c-Myb proteins, it is not found in the related 

A-Myb and B-Myb proteins or in Myb-related proteins 

from insects, fungi, or plants. Thus, if the EVES motif is 
important for the regulation of c-Myb, this would imply 
that the other Myb-related proteins are regulated by dis- 
tinct mechanisms, which could explain some of the bi- 

ological differences between the various vertebrate pro- 

teins, all of which share nearly identical DNA-binding 

domains and are expressed in overlapping subsets of cells 

(Golay et al. 1991; Sleeman 1993; Trauth et al. 1994). 

A model for c-Myb regulation 

We have shown that the amino and carboxyl termini of 

the c-Myb protein can interact. This leads to the model 

for c-Myb regulation shown in Figure 8. In Figure 8A, the 

EVES domain in p l00 mediates an interaction with the 

Myb-DBD. Because p l00 has been shown to interact 

with both the EBV transcription factor EBNA2, as well as 

TFIIE, a component of the basal transcription machin- 

ery, we speculate that p l00 may act as a bridge between 

Myb and other cellular proteins. In Figure 8B, the EVES 

domain from the carboxyl terminus of c-Myb binds the 

amino-terminal Myb-DBD, excluding pl00, and pre- 

sumably other cellular proteins as well. Because the 

transcriptional activity of c-Myb can be activated by in- 

troducing a serine to alanine mutation in the c-Myb 

EVES domain (Aziz et al. 1995), we predict that the Myb- 

DBD should preferentially interact with the phosphory- 

lated form of the Myb EVES domain. Phosphorylation 

A ctors? 

c-Myb (Active) D I  EVES 

_ _ ?  IT EvsPhosh s? 

a ~ ~ 
Other Cofactors? 

J 

c-Myb (Inactive) 

Figure 8. Model for Myb regulation by the EVES domain. (A) 
The transcriptional coactivator p l00 interacts with the Myly- 
DBD via its EVES motif. It may mediate interactions between 
Myb and other cellular proteins. (B) The EVES motif in the 
carboxy-terminal negative-regulatory domain of c-Myb can in- 
teract with the Myb amino terminus. This could displace pl00 
and associated proteins, in a reaction likely to be regulated by 
phosphorylation. Note: This model assumes that pl00 is a co- 
activator, but very similar principles would also apply if it acts 
as a repressor of Myb. (See Discussion for details.) 
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may also affect the ability of the pl00 EVES domain to 

bind c-Myb or to compete with the c-Myb EVES. 

Does the EVES domain regulate the DNA-binding ac- 

tivity of c-Myb? Although carboxy-terminal truncations 

have been reported to increase the DNA-binding activity 

of c-Myb, we have been unable to demonstrate a direct 

effect of p 100 or the c-Myb EVES on DNA binding by the 

Myb-DBD. Unfortunately, the bacterially expressed 

EVES domains do not bind the Myb-DBD in vitro, prob- 

ably because they are not phosphorylated. Resolution of 

this issue will require a detailed understanding of the 

regulation of p 100 binding, an analysis of EVES domain 

mutants in both c-Myb and pl00, and purification of 

p l00, overexpressed EVES domains or the appropriate 
protein kinases from eukaryotic cells. 

Our model implies that c-Myb undergoes large confor- 

mational changes, allowing the carboxyl terminus to in- 

teract with the amino terminus. This could block the 

binding of DNA, affect interactions between c-Myb and 

other proteins, or both. As discussed above, the EVES 

domain is but one component of the c-Myb negative reg- 

ulatory domain, although several types of circumstantial 

evidence support the idea that Myb proteins can exist in 

both active and inactive conformations. For example, 

changes in phosphorylation can affect c-Myb DNA bind- 

ing (L6scher et al. 1990; Az i z  et al. 1993, 1995; Oelge- 

schl~iger et al. 1995), and point mutations in a potential 

hinge region of Myb can cause changes in electrophoretic 

mobility (Dini et al. 1995) and transcriptional activity 

(Chen and Lipsick 1993). Besides Myb, several other 

transcription factors have been shown to undergo con- 

formational changes. For example, DNA binding causes 

structural changes in the c-Ets protein (Petersen et al. 

1995; Jonsen et al. 1996), and the nuclear localization 

and DNA-binding activity of steroid hormone receptors 

is regulated by the conformation of their ligand binding 

domains (for review, see Parker 1993; Truss and Beato 

1993). However, the proposed model of c-Myb regula- 

tion, in which a negative regulatory domain at the car- 

boxyl terminus competes for the binding of a cellular 

cofactor to the amino terminus, is a novel one. 

Our data predict that overexpression of the c-Myb car- 

boxyl terminus, including the EVES domain, should af- 

fect the activity of Myb in trans. Two different labora- 

tories reported such experiments, with quite contradic- 

tory results. In one case, overexpression of the c-Myb 

carboxyl terminus was found to inhibit the activity of c- 

or v-Myb proteins (Dubendorff et al. 1992). In the second 

case, overexpression of a Myb carboxy-terminal domain 

stimulated the transcriptional activity of hybrid proteins 

in which the GAL4 DNA-binding domain was fused to a 

variety of heterologous trans-activation domains, in- 

cluding one from c-Myb (Vorbrueggen et al. 1994). Both 

studies identified the same EVES motif-containing ac- 

tive region of the carboxyl terminus, but both concluded 

that the carboxyl terminus affected the Myb trans-acti- 

vation domain, rather than the DNA-binding domain. 
Interestingly, several types of evidence suggest that the 

Myb trans-act ivat ion domain may have a complex func- 

tion. For example, although specific domains from both 

Myb and VP 16 will activate transcription, only the latter 

can interact directly with components of the basal tran- 

scription machinery (Frampton et al. 1993). Further- 

more, replacing the trans-act ivat ion domain from v-Myb 

with the equivalent region of VP16 produces a protein 

that efficiently activates reporter genes in both animal 

cells and yeast (Ibanez and Lipsick 1990; Chen and Lip- 

sick 1993) but that no longer transforms (Engelke et al. 

1995). Also, mutations that increase v-Myb's ability to 

activate transcription (as much as 25-fold) can impair its 

transformation activity (Lane et al. 1990; Chen and Lip- 

sick 1993). The Myb trans-act ivat ion domain was re- 

cently found to interact with the transcriptional coacti- 

vator CREB-binding protein (CBP), and this interaction 

is required for the ability of Myb to activate gene expres- 

sion (Dai et al. 1996; Oelgeschl~iger et al. 1996). It will be 

interesting to determine whether p l00 affects this inter- 

action. 

Is p l  O0 an act ivator or an inhibitor? 

Although p 100 was first described as a ubiquitously ex- 

pressed transcriptional coactivator (Tong et al. 1995), ec- 

topic overexpression of the protein led to decreased ac- 

tivity of c-Myb. If pl00 is a coactivator for Myb, then our 

results suggest that it is not limiting in the cells we used. 

Inhibition of Myb activity presumably occurred in the 

transfected cells when p 100 was so vastly overexpressed 

that it bound to and sequestered other, limiting cellular 

factors. Alternatively, despite the fact that p 100 serves as 

a coactivator for the EBNA-2 protein (Tong et al. 1995), it 

could be an inhibitor of Myb. A diverse and growing set 

of eukaryotic transcription factors can function as both 

transcriptional inhibitors and activators, depending on 

the context. Examples of these are the vertebrate pro- 

teins YY1 and WT1 (Natesan and Gilman 1995; Reddy et 

al. 1995), the herpes simplex virus protein ICP4 (Gu et al. 

1995), and the yeast transcription factor MIG1 (Treitel 

and Carlson 1995). Even Myb can act as a transcriptional 

inhibitor in some situations (Mizuguchi et al. 1995). Res 

olution of this issue will require more detailed investi- 

gations of the role of pl00 in Myb function, the use of 

pl00 null cell lines or regulatable versions of pl00, or in 

vitro-reconstituted transcription systems, all of which 

we are currently pursuing. 

M ater ia l s  and  m e t h o d s  

Yeast two-hybrid assays 

The yeast strains, expression vectors, and reporter plasmids 
were kindly provided by R. Brent, R. Finley and co-workers, and 
have been described elsewhere (Golemis and Brent 1992; Gyuris 
et al. 1993; Zervos et al. 1993; Estojak et al. 1995). Briefly, bait 
molecules were constructed by transferring fragments of Myb or 
pl00 cDNA clones to plasmid pEG202 (2~, HIS3 +, Ampr; Es- 
tojak et al. 1995). The resulting bait proteins are fused to amino 
acids 1-202 of LexA and are expressed from the constitutive 
ADH1 promoter. All of the bait constructs were tested to make 
sure that they were transcriptionally inert, but encoded, pro- 
teins that could bind DNA in vivo (Golemis and Brent 1992). 
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Except where otherwise noted, interacting target proteins were 

derived from cDNAs expressed under the control of the induc- 

ible GALl promoter from plasmid pJG4-5 (2pu, TRP1 +, Ampr; 

Gyuris et al. 1993; Estojak et al. 1995). The resulting proteins 

were fused at their amino termini to the influenza virus HA1 

epitope tag, the B42 acidic activation domain, and the SV40 

nuclear localization signal. The yeast strain EGY48 (MATa trpl 

ura3 his3 LEU2::pLexAop6-LEU21 was used as a host for all 

two-hybrid assays {Golemis and Brent 1992; Zervos et al. 1993; 

Estojak et al. 1995). This strain has an integrated LEU2 gene 

that can be activated by LexA fusion proteins and also contains 

the reporter plasmid pSH18-34, a 2pu-based reporter construct 

with a selectable URA3 + marker and a LexA-inducible lacZ 

gene (Estojak et al. 1995). f3-Galactosidase activity was mea- 

sured by growing yeast on plates containing the chromogenic 

substrate X-gal. Alternatively, liquid assays were performed on 

extracts of yeast grown to mid-log phase (Brent and Ptashne 

1985). 

Plasmids and DNA manipulations 

Fragments of the chicken c-myb (Gerondakis and Bishop 1986), 

Xenopus laevis c-myb (Amaravadi and King 1994) or human 

pl00 {Tong et al. 1995) cDNAs were generated by appropriate 

restriction enzyme digests or specific PCRs using standard 

methods. Where necessary, PCR primers were designed with 

extensions to add specific restriction enzyme sites for cloning. 

For example, all fragments used for production of bait molecules 

were designed to have 5' EcoRI and 3' XhoI sites, respectively, 

so that the resulting reading frames matched that of LexA. The 

integrity of all recombinant DNA molecules was verified by 

dideoxy sequencing, and the sizes of all generated proteins were 

verified by using Western blots developed with antibodies di- 

rected against Myb or included epitope tags, as appropriate. 

Plasmid pRFHM1, which expresses a LexA-Bicoid fusion con- 

taining residues 2-160 of the Drosophila bicoid gene product 

fused to amino acids 1-202 of LexA, was obtained from Roger 

Brent (Harvard University, Cambridge, MA). The yeast plasmid 

pYGdGE, which expresses a full-length version of the AMV 

v-Myb protein under control of the galactose-inducible GALl 

promoter (Chen and Lipsick 1993), was provided by J. Lipsick 

(Stanford University, Palo Alto, CA). Plasmid pSGS-pl00 (Tong 

et al. 1995) has a strong CMV/T7 promoter for efficient expres- 

sion of the full-length human pl00 cDNA. The plasmid (which 

was kindly provided by X. Tong, Harvard University, Cam- 

bridge, MA) was constructed so that the pl00 protein would be 

fused to an amino-terminal FLAG epitope tag. Full-length and 

truncated versions of the chicken c-myb cDNA were trans- 

ferred into the eukaryotic expression vectors pCDNA-1 or 

pCDNA-3 {Invitrogen), which also have CMV/T7 promoters. 

To make the AEVES mutant of pl00, the 3' end of the pl00 

cDNA was amplified using pSGS-pl00 as template in a PCR 

reaction using the following primers: 5'-TAAGAATTCG- 

GCGCCAACCTGTCCGTCCTG-3' and 5'-TGAGCGAGGA- 

AGCGGAAGAG-3'. The resulting fragment was digested with 

EcoRI and XbaI and cloned into the mammalian expression vec- 

tor pCDNA3 (Invitrogen}. Next, the 5' end of the pl00 cDNA 

was amplified in the same way using the following primers: 

5'-TAATACGACTCACTATAGGG-3' and 5'-TAAGAATTC- 

GCCTCTGGGGCATTCAA-3'. The resulting fragment was di- 

gested with EcoRI and cloned into the vector containing the 
other half of the eDNA. The resulting &EVES version of pl00 

has amino acids 539-589 replaced by two novel amino acids, EF, 

endoded by an inserted EcoRI site. All constructs were verified 

by DNA sequencing. 

Yeast extracts 

Cultures of yeast (500 ml) were grown to mid-log phase 

(OD6o o = 0.8), and cells were collected by centrifugation (5 min 

at 4000g) washed once with ice-cold deionized water, and re- 

suspended in 2.5 ml of lysis buffer (20 mM HEPES, 5 mM EDTA, 

10 mM DTT, 10% glycerol, 100 mM KC1, 1 mM PMSF, 2 I~g/ml 

of leupeptin, 2 ~g/ml of antipain, 1 tzg/ml of pepstatin A, and 1 

t~g/ml of chymostatin at pH 7.9). The cell suspension was 

mixed with 5 grams of glass beads and homogenized vigorously 

for 15 min at 4°C using a vortex mixer. The debris was removed 

by centrifugation at 4°C, first at moderate speed (20 min at 

10,000g), and then at high speed (250,000g for 2 hr at 4°C). The 

resulting supernatant was used immediately for immunoprecip- 

itation assays or Western blots, or was flash-frozen in liquid 

nitrogen and stored at -80°C. 

Immunoprecipitation and Western blotting assays 

Extracts were incubated with either polyclonal anti-Myb antis- 

era (rabbit antisera PB84, directed against amino acids 72-192 of 

chicken c-Myb) or preimmune sera at 0°C for 1 hr. The antigen- 

antibody complexes were incubated for 30 min with protein 

A-Sepharose CL4B (Pharmacia), and complexes were collected 

by centrifugation and washed three times with cold wash buffer 

(20 mM HEPES, 5 mM EDTA, 100 mM KC1, 10 mM DTT, 1 mM 

PMSF, 2 txg/ml of leupeptin, 2 lag/ml of antipain, 1 txg/ml of 

pepstatin A, and 1 txg/ml of chymostatin at pH 7.9). A final 

wash included centrifugation through a cushion of the same 

buffer supplemented with 30% sucrose. The complexes were 

resuspended in SDS-PAGE sample buffer, heated at 95°C for 3 

min, and separated on 15% SDS-polyacrylamide gels (Ness et 

al. 1989). For Western blots, the fractionated proteins were 

transferred onto PVDF membranes (Milliporel using an elec- 

troblotting apparatus (Genie Scientific). Precipitated proteins 

were detected using mouse antibodies specific for chicken 

c-Myb {mAb 173 specific for amino acids 72-192 of chick 

c-Myb) or the epitope tag derived from influenza virus HA pro- 

tein (kindly provided by R.A. Lamb, Northwestern University, 

Evanston, IL). The blots were developed using the ECL 

Chemiluminescence assay system/Amersham}. 
In vitro transcription/translation of p 100 or Myb proteins was 

performed using expression plasmids having T7 or CMV/T7 

promoters and a coupled T7 RNA polymerase/reticulocyte ly- 

sate expression system (Promega) supplemented with [3SS]me- 

thionine. For pulldown assays, extracts were mixed and incu- 

bated on ice for 30 min and divided into three equal fractions for 

subsequent immunoprecipitation with antisera specific for Myb 

or the FLAG epitope tag as described above, except that all wash 

buffers were adjusted to 0.3 M KC1. The immunoprecipitates 

were fractionated by SDS-PAGE, and proteins were detected by 

Western blotting (ECL, Amersham), fluorography (ENTENSIFY, 

Dupont}, or PhosphorImaging IFUJIX BASIO00), as appropriate. 

Nuclear extracts 

The human Jurkat T-cell line was maintained in RPMI medium 

supplemented with 10% fetal bovine serum. Nuclear extracts 

were prepared by standard methods, using ice-cold buffers sup- 

plemented with 10 mM dithiothreitol (DTT), 1 mM phenylme- 

thylsulfonylflouride (PMSF), 2 t~g/ml each of leupeptin and an- 

tipain, and 1 tzg/ml each of pepstatin-A and chymotrypsin 

throughout. Briefly, cells were collected by centrifugation, 

rinsed once with ice-cold phosphate-buffered saline (PBS), re- 
suspended, and allowed to lyse for 10 rain on ice in homogeni- 

zation buffer (20 mM HEPES, 5 mM EDTA) containing 0.5% 
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NP-40. The nuclei were collected by centrifugation for 10 min 

at 8000 rpm in a Sorvall SS-34 rotor, resuspended in the same 

buffer containing 0.1% NP-40 using a Dounce homogenizer, 

and collected by centrifugation as before. The washed nuclei 

were extracted by homogenizing as before, using higher ionic 
strength buffer (20 mM HEPES, 5 mM EDTA, 0.3 M KC1, plus 

supplements described above). The final extract was cleared of 

debris with a 5-min centrifugation at 100,000g in a Beckman 
TL-100 benchtop ultracentrifuge. 

Data base searches and sequence alignments 

Residues 513-563 of the chicken c-Myb protein were compared 

to all available protein sequences in the following data bases: 

Brookhaven Protein Data Bank (April 1995 release), SWISS- 
PROT release 32.0, PIR release 47.0, and the CDS translations 

from GenBank(R) release 93. The computation was performed 

at the NCBI using the BLAST network service. Alignments be- 

tween Myb and pl00 proteins were performed using the Bestfit 

and Pileup program components of the Wisconsin Genetics 
Computer Group package, running on a Silicon Graphics Chal- 
lenge L Workstation using IRIX 5.2. 

Transfection assays 

Transient transfection assays with QT6 cells were performed 

using routine DEAE-dextran methods, as described previously 

(Ness et al. 1989, 1993). The mira-1 gene promoter-reporter 

construct, which extends to -242  nucleotides relative to the 

major transcription start site, has been described and contains 
binding sites for both Myb and NF-M (Ness et al. 1989, 1993). 

The expression plasmids for NF-M and pl00 have been de- 

scribed (Katz et al. 1993; Ness et al. 1993; Tong et al. 1995). The 
c-Myb expression plasmid pCMV-Myb was generated by trans- 

ferring a BamHI fragment containing the chicken c-Myb cDNA 
(Gerondakis and Bishop 1986) to the eukaryotic expression vec- 
tor pCDNA1 (Invitrogen). 
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