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Summary 

We have characterized three distinct proteins present 
in HeLa cell extracts that specifically recognize dif- 
ferent subsets of transcriptional elements containing 
the pentanucleotide sequence CCAAT. One of these 
CCAAT-binding proteins, CPl, binds with high affinity 
to CCAAT elements present in the human u-globin pro- 
moter and the adenovirus major late promoter (MLP). 
A second protein, CP2, binds with high affinity to a 
CCAAT element present in the rat y-fibrinogen pro- 
moter. Finally, the third CCAAT-binding protein is nu- 
clear factor I (NF-I), a cellular DNA-binding protein that 
binds to the adenovirus origin of replication and is re- 
quired for the initiation of adenoviral replication. CPI, 
CP2, and NF-I are distinct activities in that each binds 
to its own recognition site with an affinity that is at 
least three orders of magnitude higher than that with 
which it binds to the recognition sites of the other two 
proteins. Surprisingly, CPl, CP2, and NF-I each appear 
to recognize their binding site with highest affinity as 
a multisubunit complex composed of heterologous 
subunits. In the case of CPl, two different types of 
subunits form a stable complex in the absence of a 
DNA-binding site. Moreover, both subunits are present 
in the CPl-DNA complex. We thus propose the exis- 
tence of a family of related multisubunit CCAAT-binding 
proteins that are composed of heterologous subunits. 

Introduction 

The central challenge in the study of eukaryotic gene ex- 
pression is understanding how individual cells are able to 
stably maintain distinct levels and patterns of transcription 
from thousands of promoters. The rate of transcription ini- 
tiation from promoters is specified by the interaction of 
sequence-specific DNA-binding proteins with &-acting 
DNA control elements (reviewed in Maniatis et al., 1987). 
Thus, the activity of a promoter is determined both by its 
architecture, consisting of the type of control elements 
contained in the promoter and the context in which they 
appear, and by the regulatory state of the proteins that 
recognize these control elements. In view of this, a consid- 
erable degree of promoter diversity can be generated by 
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the combinatorial use of a relatively small number of 
modular transcriptional elements. 

Promoter diversity is further increased by the ability of 
related sets of control elements to be recognized by a fam- 
11y of proteins that possess distinct regulatory properties. 
A striking example of such a family is that of the nuclear 
hormone receptors. Nuclear hormone receptors are in- 
duclble trans-acting factors that stimulate transcription by 
binding to specific DNA control elements (reviewed in 
Yamamoto, 1985). Comparison of the cDNA clones encod- 
ing the glucocorticoid, estrogen, progesterone, triio- 
dothyronine, mineralocorticoid, retinoic acid, and vitamin 
D receptors has revealed conserved primary amino acid 
sequences in the DNA-binding domains ot these recep- 
tors (Hollengerg et al., 1985; Weinberger et al., 1985; 
Green et al., 1986; Loosfelt et al., 1986; Weinberger et al., 
1986; Arriza et al., 1987; Petkovich et al., 1987; McDonnell 
et al., 1987). Correspondingly, the control element se- 
quences that these receptors specifically recognize are 
also conserved (Von der Ahe et al., 1986; Klock et al., 
1987; Strahle et al., 1987). Thus, binding of a family of 
related transcription factors to a related set of control ele- 
ments may result in a diverse set of regulatory conse- 
quences. 

Many eukaryotic promoters possess a transcriptional 
regulatory element that contains the pentanucleotide se- 
quence CCAAT between 60 and 80 bp upstream of the ini- 
tiation site (Benoist et al., 1980; Efstratiadis et al., 1980; 
McKnight and Tjian, 1986). Several proteins that specifi- 
cally recognize CCAAT elements have been described, 
however, the relationship between these proteins has 
been difficult to assess (Leegwater et al., 1985; Jones et 
al., 1985; Graves et al., 1986; Cohen et al., 1986; Hata- 
mochi et al., 1986; Jones et al., 1987; Wu et al., 1987; Dorn 
et al., 1987; Barberis et al., 1987). Although these various 
CCAAT-containing elements appear grossly similar in se- 
quence, recent evidence suggests that different DNA- 
binding factors are capable of distinguishing between 
these elements (Dorn et al., 1987; Oikarinen et al., 1987). 

In this paper, we have characterized three related but 
distinct proteins from human cells which specifically 
recognize particular subsets of CCAAT elements. Surpris- 
ingly, all three of these CCAAT-binding proteins appear to 
be composed of at least two different subunits. 

Results 

HeLa Cell Proteins Specifically Bind to 
Three Different CCAAT Elements 
The gel electrophoresis DNA-binding assay (Fried and 
Crothers, 1981; Garner and Revzin, 1981; Carthew et al., 
1985) was used to detect proteins in HeLa cell extracts that 
specifically bind to CCAAT elements present in the 
adenovirus major late promoter (MLP), the rat y-fibrinogen 
(y-FBG) promoter, and the consensus binding site se- 
quence for NF-I (Figure 1). Each of the three probes con- 
taining a CCAAT element formed a specific protein-DNA 
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Figure 1 Specific Bmdlng of HeLa Cell Pro- 
telns to Three CCAAT Elements 

A mixture of 12 119 of fraction [AB] and 4 Ltg of 
fraction [CB] was added to a standard binding 
reaction containing 2 kg poly(dl-dC),(dl-dC), 
and 20,000 cpm of either 0.1 ng of a radiola- 
beled 74 bp MLP probe (lanes l-5) containmg 
MLP sequences from -108 to -62, Including 
the MLP CCAATelement located at -76,0.2 ng 
of a radiolabeled 90 bp 7.FBG probe (lanes 
6-10) containing sequences from -95 to -39. 
lncludlng the y-FBG CCACT element located at 
-65, or 0.2 ng of a 77 bp radlolabeled oligonu- 
cleotide probe contauvng the NF-I consensus 
bIndIng site sequence (lanes il-15), which 
contains sequences correspondmg to +21 to 
+45 of the left terminus of Ad 2 with a point mu- 
tatton at ~28 as described In Experimental 
Procedures Reactions also contalned either 
no additlonal DNA (lanes 1, 6, 11, and 12). or a 
50.fold molar excess of an unlabeled competl- 
tar DNA fragment (lanes 2-5, 7-10. and 13-15). 
Competitor fragments contamed sequences 
from: -108 to -62 of the Ad MLP (lane 2), -53 
to +33 of the Ad MLP (lane 3) -81 to -58 of 

the human a-globin promoter (lane 4); -81 to -58 of a mutant a-globln promoter containmg a double-point mutation III the CCAAT element (lane 
5); -95 to -39 of the rat y-FBG promoter (lane 7); -95 to +35 of the rat y-FBG promoter with Internal deletion of -62 to -54 (lane 8), -65 to 
-54 (lane 9), or -74 to -54 (lane IO), the NF-I consensus bindlng site (lane 13); the adenovirus origm of replication (lane 14); or a double-pomt 
mutant of the NF-I consensus bindlng We. NF-I-dm (lane 15). Radiolabeled probe, unlabeled competitor fragments, and poly(dl-dC).(dl-dC) were 
mixed prior to the addition of protein fractions [AB] and [CB]. Final reaction condltlons were 60 mM KCI, 12% glycerol, 12 mM HEPES-NaOH (pH 
7.9), 4 mM Tris-HCI (pH 7.9), 1 mM EDTA, and 1 mM dithlothreltol for MLP bIndIng reacttons (lanes 1-5). for I-FBG bIndIng reactlons (lanes 6-lo), 
and for the low salt NF-I bindlng reactlon (lane 11) Final reaction conditions were 150 mM KCI, 5 mM MgCI,, 12% glycerol, 12 mM HEPES-NaOH 
(pH 7.9), 4 mM Trls-HCI (pH 7.9). 1 mM EDTA. and 1 mM dlthiothreltol for the remalning NF-I blndlng reactions (lanes 12-15) BIndIng reactlons, extract 
preparation, probe preparatton, chromatography, and the gel electrophorests DNA bIndIng assay were as described in Experimental Procedures. 
Arrows lndlcate the posltlon of specific protein-DNA complexes formed by CPl. CPP, and NF-I. 

complex when mixed with partially purified chromato- 
graphic fractions from HeLa whole-cell extracts (WCE) 
(Figure 1, lanes 1, 6, and 12). An identical pattern of com- 
plexes was generated when unfractionated WCE was used 
(data not shown). A protein present in HeLa cell extracts, 
designated CPl, specifically recognized sequences pres- 
ent between -108 and -62 bp relative to the MLP initia- 
tion site (Figure 1, lanes l-3). A CCAAT pentanucleotide 
sequence is present in the MLP at -76 (Figure 26). An oli- 
gonucleotide containing the human a-globin CCAAT ele- 
ment competed efficiently for the binding of CPl to the 
MLP probe (Figure 1, lane 4). A double-point mutant in 
which the a-globin CCAAT sequence was mutated to 
CGAGT (Figure 28) failed to compete for CPl binding to 
the MLP probe (Figure 1, lane 5). This suggests that CPl 
recognizes sequences within the CCAAT pentanucleotide 
of the MLP 

Similarly, a protein present in HeLa cell extracts, desig- 
nated CP2, specifically recognized sequences between 
-95 and -39 of the rat y-FBG promoter (Figure 1, lanes 
1 and 2). A CCAAT-related sequence, AGCCACT, is pres- 
ent in the y-FBG promoter at -65 (Figure 28). An internal 
deletion mutant (ID-62/-54) of the promoter which re- 
tains only the sequence AGCCA competed efficiently for 
binding of CP2 to the wild-type y-FBG probe (Figure 1, 
lane 8). Another mutant (ID-65/-54) with an internal dele- 
tion that is 3 bp larger (Figure 2B), and thus missing the 
CCA trinucleotide of the y-FBG CCAAT-like element, com- 

peted poorly for CP2 binding (Figure 1, lane 9). This sug- 
gests that CP2 recognizes sequences within the CCAAT- 
like element of the y-FBG promoter. A mutant (ID-74/-54) 
with a larger internal deletion encompassing the entire 
CCAAT-like element and additional upstream sequences 
was unable to compete for CP2 binding (Figure 1, lane 10). 
This indicates that CP2 makes additional important con- 
tacts upstream of the CCAAT-like element. A point mutant 
of the y-FBG promoter that contained a canonical CCAAT 
pentanucleotide sequence competed for CP2 binding to 
the wild-type y-FBG probe as efficiently as the wild-type 
promoter (data not shown). Thus, CP2 specifically recog- 
nizes CCAAT sequence elements. 

In contrast to the MLP and y-FBG promoter fragments, 
specific binding of HeLa cell proteins to an oligonucleo- 
tide probe containing the NF-I consensus binding site se- 
quence, TTTGGCN,GCCAAT (Leegwater et al., 1986; De 
Vries et al., 1987; Rosenfeld et al., 1987), was difficult to 
detect using the same reaction conditions that optimize 
the specific binding of CPl and CP2 (Figure 1, lane 11). 
However, addition of MgClz to 5 mM and KCI to 150 mM 
resulted in a striking stimulation of specific binding activity 
to the NF-I probe (Figure 1, compare lanes 11 and 12). 
These conditions are known to increase NF-I binding ac- 
tivity (Rosenfeld and Kelly, 1986; Jones et al., 1987; De 
Vries et al., 1987). Moreover, the unusual pattern of pro- 
tein-DNA complexes generated under these conditions 
was similar to that previously observed for affinity-purified 
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(A) Methylatlon Interference Analysts Methylatlon interference wris 
performed as described In Experimental Procedures 200000 cprn oT 
a 3’ end-labeled probe. conta~mng e!tner MLP sequences from -108 
to -62. -I-FBG sequences from -95 to -39, or the NF~I consensus 

bindIng site sequence was partially methylated with dlmethylsulfate 
purlfled, and added to a scaled-up CPl, CP7. or NF~I bIndIng reactlon 
contaimng 10 rig of poly(dl-dC) (dl-dC). and either no protein (lanes 1 
3, 4, 6. 7. 9, 10. 12, 13, 15, 16, and 18). or a mlxtute of 180 119 of fraction 
[AB] and 58 rig of [CB] Bound, (B), and free. (F), probes were sepa- 
rated by native gel electrophoresls, vlsualzed by autoradiography 
eluted, purlfled, and cleaved with plperidlne An equal number of 
counts of free and bound DNA were electrophoresed on denaturing 
polyacrylamlde gels Coding and noncodlng sequences are displayed 
along with a summary of the effects of partial methylation on the bind- 

Ing of CPl. CP2, and NF-I to their recognltlon sites A box surrounds the heptanucleotlde sequence corresponding either to the extended CCAAT 
consensus sequence. RRCCAAT. or Its complement Residues at which methylatlon Interfered with the bInding of a protein to Its recognltlon se 
quence are lndlcated by triangles. Solid triangles represent a greater degree of interference than hoilow triangles A residue at which methyl&on 
enhanced bIndIng IS lndlcated by a hollow arrow 
(6) Summary of Methylatlon Interference Analysis and Gel Electrophoresis DNA-Binding Analysis Each of the three promoter sequences MLP ;- 
FBG. and the NF-I consensus bInding site sequence. recognized by CPl. CP2, and NF-I. respectively, are dlsplayed along with a summary of the 
methylatlon Interference analysis as performed in (A). Straight. solid arrows represent double-point mutations that abolish the bIndIng of CPl and 
NF-I to their respective recognition sites as performed In Figure 1 Bent arrows represent the 5’ Internal deletion endpoInts of two {-FBG mutants 
that define essential contacts within the ,I-FBG CCAAT element, as analyzed in Figure 1 

NF-I (Rosenfeld et al.. 1987; Jones et al., 1987). As has 
been noted, this pattern probably reflects heterogeneity in 
the group of polypeptldes forming these complexes since 
affinity-purified NF-I IS similarly heterogeneous following 
SDS-polyacrylamide gel electrophoresls (Rosenfeld and 
Kelly, 1986; Jones et al.. 1987). Binding to the NF-I con- 
sensus sequence probe was speclfically competed by the 
homologous consensus sequence as well as by a DNA 
fragment containing the high-affinity NF-I binding site 
present in the adenovirus origin of replication (Figure 1, 
lanes 13 and 14; Nagata et al., 1983). Mutation of a single 
base in each GCCAA half site of the NF-I consensus se- 
quence (Figure 28) produced a sequence (NF-I-dm) that 
did not compete for the binding of NF-I polypeptides (Fig- 

ure 1, lane 15). Therefore, this entire set of proteins must 
make essential contacts with at least one CCAAT element 
In this probe. This double-point mutation has been shown 
to severely decrease NF-I binding affinity (Rosenfeld et 
al., 1987). Based upon the characteristic pattern of pro- 
tein-DNA complexes formed on the NF-I probe, as well as 
the specific competition of these complexes by wild-type 
but not mutant sites, we conclude that the group of pro- 
teins In these complexes most likely corresponds to the 
previously identified NF-I 

In order to assess more closely the DNA contacts made 
by each of the CCAAT-binding proteins described above. 
a methylation interference experiment was performed 
(Siebenlist et al., 1980). DNA probes were partially methyl- 



Cell 
14 

ated by reaction wtth dimethylsulfate, and used as sub- 
strate in binding reactions. Probe fragments were sub- 
sequently recovered from free and bound complexes 
following native gel electrophoresis, piperidine-cleaved, 
and resolved by denaturing polyacrylamtde gel elec- 
trophoresis. Thus, sites where methylatron of guanine or 
adenine residues interferes with essential protein-DNA 
contacts are underrepresented in bound (6) relative to free 
(F) fractions. Examination of probe DNA fragments recov- 
ered from CPl-, CP2-, and NF-l-containing complexes re- 
vealed that, as predicted from the competition analysis, 
each protein made essential contacts with the CCAAT ele- 
ment contained within its respective probe (Figures 2A 
and 28). However, the observed methylation interference 
pattern was unique for each of the three CCAAT-binding 
proteins. For example, the binding of CP2 was dependent 
upon a greater number of contacts upstream of the 
CCAAT-related sequence than the binding of CPI. The 
strikingly symmetrical contacts made by proteins bound to 
the NF-I consensus sequence (Figure 2A, lanes 13-18; 
Figure 26) are identical to those previously described for 
the binding of purified NF-I (De Vries et al., 1987). 

In summary, the methylation interference analysis con- 
firms that CP1, CP2, and NF-I are CCAAT-binding proteins 
in that each protein makes essential contacts within the 
CCAAT pentanucleotide. In addition, variation in the pat- 
terns of methylation interference, as well as differences in 
the mobility of the protein-DNA complexes, suggest that 
CPI, CP2, and NF-I are distinct proteins. 

CPl, CP2, and NF-I Are Distinct 
CCAAT-Binding Proteins 
In order to examine the relationship between the specifici- 
ties of proteins binding to CCAAT elements in a variety of 
promoters, a competition analysis was performed in which 
a radiolabeled probe was incubated in the presence of a 
lOO-fold molar excess of an unlabeled DNA fragment. 
Each of the CCAAT elements examined has been shown 
to contribute to the transcriptional activation of the pro- 
moter from which it is derived, except for the V, CCAAT 
element (L. Chodosh and Ft. Carthew, unpublished 
results; Morgan et al., 1988; Chodosh et al., 1987; Miksi- 
cek et al., 1987; Mellon et al., 1981; A. Baldwin, unpub- 
lished results; Jones et al., 1985; Graves et al., 1986; 
Charnay et al., 1985; Myers et al., 1986). The results of 
these competition experiments are shown in Figure 3, in 
which panels representing the bound complexes gener- 
ated on three different probes are mounted beneath each 
other. Thus, the ability of a particular DNA fragment to 
compete for complexes formed on each of the three probes 
can be directly compared. The MLP fragment competed 
for the binding of CPl to the MLP probe, and had no effect 
upon the binding of CP2 to the y-FBG probe or upon the 
binding of NF-I to the NF-I consensus sequence probe 
(Figure 3, lanes 1 and 2). Similarly, the y-FBG promoter 
fragment competed for the binding of CP2 to the homolo- 
gous probe, and had no effect upon the binding of CPl to 
the MLP probe or upon the binding of NF-I to the NF-I con- 
sensus sequence probe (Figure 3, lane 3). Finally, the NF-I 
consensus sequence fragment competed for the binding 
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Ftgure 3. CornpetItIon BIndIng Analysisof CP1, CPZ. and NF-I Binding 
Activities 

A mixture of 12 L1g of HeLa fraction [AB] and 4 119 of HeLa fraction [CB] 
(lanes l-11) was added to a standard binding reaction for either CPl 
(top panel), CP2 (mlddle panel), or NF-I (bottom panel) contaimng a 
mtxture of the mdlcated probe. 2 LLg poly(dl-dC).(dl-dC), and either no 
competitor DNA (lane 1) or a lOO-fold molar excess of an unlabeled 
competitor DNA fragment (lanes 2-11). Competitor fragments con- 
tained sequences from: -108 to -62 of the Ad MLP (lane 2). -95 to 
-39 of the rat y-FBG promoter (lane 3); the consensus bmdlng site of 

NF-I, corresponding to +21 to t45 of the left terminus of Ad 2 with a 
point mutatton at ~28 (lane 4): -81 to -58 of the human a-globln pro- 
moter (lane 5), -65 to +3 of the mouse H-2Kb promoter (lane 6), -90 
to -64 of the mouse H-2Kb promoter (lane 7); -94 to -70 of the HSV 
thymldine klnase promoter (lane 8), -344 to -15 of the mouse p-globln 
promoter (lane 9); -297 to -47 of the MOPC-41 Vk promoter (lane 
10); or the 50 bp polylmker of pUC18 (lane 11) Bindlng reactlons were 
analyzed by native gel electrophoresls as above. Following autoradiog- 
raphy, panels corresponding to the bound complexes formed on each 
of the three probes were excised and mounted together for direct com- 
parison Arrows indicate the positlon of specific protein-DNA com- 
plexes formed by CPl, CP2. and NF-I 

of NF-I to the consensus sequence probe, and had no ef- 
fect upon the binding of CPl to the MLP probe or upon 
the binding of CP2 to the y-FBG probe (Figure 3, lane 4). 
This suggests that CPl, CP2, and NF-I are distinct CCAAT- 
binding proteins with dramatically different affinities for 
these three binding sites. 

In support of the conclusion that CPl, CP2, and NF-I 
possess distinct binding specificities, each CCAAT-bind- 

ing protein displayed a characteristic pattern of binding of 
a panel of unlabeled competitor fragments containing dif- 
ferent CCAAT elements (Figure 3; Table 1). For example, 
CPl bound with high affinity to fragments containing the 
MLP the human a-globin CCAAT element, and the mouse 
class I major histocompatibility gene H-2Kb -51 CCAAT 
element, and with somewhat lower affinity to fragments 
containing the murine 6-globin promoter and the 
MOPC-41 V, promoter (Figure 3, lanes 2, 5, 6, 9, and 
10). CPl also bound with high affinity to the murine sar- 
coma virus (MSV) LTR and the human heat shock protein 
70 (hsp70) promoter, and with low affinity to the herpes 
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The sequences of a number of CCAAT elements referred to In the text were alIgned according to the best fit to the boxed CCAAT-element motif 
RRCCAAT. and grouped by relative affinity for CPl, CPZ. and NF-I, as measured by the gel eiectrophoresis DNA-bindIng assay High. moderate 
and low afflnltles differ by a factor of at least five The number listed lmmedlately to the left of each sequence indicates the positlo” of the most 
extreme C of the CCAAT pentanucleotlde relative to the transCrIptlO” lnltlatlon site A consensus bindIng site sequence IS presented for each of 
the three CCAAT-binding proteins The consensus blndlng site sequences for CPl and CP2 were derived from a” afflnlty-weighted analysis of each 
of the blndmg sites llsted Consensus sequence posItiOns which have one nucleotide llsted above another (e g A) indicate a preference for the 
nucleotlde &ted on top. R mdlcates a slmllar preference for A or G. T 

’ M. Pelletler and R. Kingston, personal communlcatlon and L. Chodosh, data not shown 
2 The NF-I consensus binding site sequence IS derived from Rosenfeld et al (1987) and De Vrles et al. (1987) 

simplex virus thymidine kinase (HSV tk) CCAAT element 
(data not shown; Figure 3, lane 8; M. Pelletier and R. King- 
ston, personal communication). Like CPI, CP2 recognized 
a fragment containing the H-2Kb -51 CCAAT element 
with high affinity (Figure 3, lane 6). Unlike CPl, CP2 also 
recognized fragments containing the H-2Kb -72 CCAAT 
element with high affinity, and did not bind to a fragment 
containing the a-globin CCAAT element (Figure 3, lanes 
5 and 7). In marked contrast to both CPl and CP2, NF-I 
did not bind to any other CCAAT-containing fragment 
tested (Figure 3, lanes 2-11). In particular, the a-globin 
promoter failed to even partially compete at a lOO-fold mo- 
lar excess with any complex characteristic of NF-I binding 
(Figure 3, lane 5). Thus, the group of proteins which we 
have characterized as NF-I recognize the a-globin CCAAT 
element with an affinity that is at least three orders of mag- 
nitude lower than the affinity with which they recognize 
the NF-I consensus binding site. This was surprising since 
NF-I had previously been reported to bind to the a-globin 

CCAAT element with an affinity that was only five times 
lower than that with which NF-I bound to the adenovirus 
origin of replication (Jones et al., 1987). In order to test for 
weak binding to the u-globin promoter by NF-I, a probe 
containing the a-globin CCAAT element was radiolabeled 
and used as substrate in a binding reaction under condi- 
tions optimal for NF-I binding. Complexes characteristic of 
NF-I binding, either by electrophoretic mobility or specific 
competition, were not detected. Complexes characteristic 
of NF-I binding were also not detected under the low salt 
conditions optimal for CPl binding to the a-globin pro- 
moter (data not shown). 

Competition analysis using extremely high molar ratios 
of competitor to probe demonstrated that each of the three 
CCAAT-binding proteins recognized binding sites for the 
other two proteins with a higher affinity than that with 
which it recognized non-CCAAT-element containing con- 
trol fragments of comparable length (data not shown). 
This was not unexpected, since the core sequences of 
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each of these CCAAT-containing elements are quite simr- 
lar. The distinct binding specificities of the three CCAAT- 
binding proteins must therefore reflect Conk%% outside of 
the CCAAT pentanucleotrde sequence. Comparison of the 
methylation interference contacts of CPl, CP2, and NF-I, 
as well as the consensus binding site sequences for each 
of these three proteins, supports this conclusion (Figures 
2A and 28; Table 1). High-affinity CPl binding shows a 
strong preference for a CA dinucleotide immediately 3’ to 
the CCAAT pentanucleotide. In contrast, high-affinity CP2 
binding shows a strong preference for sequences 5’to the 
CCAAT pentanucleotide. Interestingly, despite their differ- 
ences, the consensus binding site sequences of CPl and 
CP2 do share similarities at several positions outside of 
the CCAAT pentanucleotide sequence. Unlike both CPl 

and CP2, NF-I clearly binds with high affinity to two sym- 
metrically disposed CCAAT elements. 

The competition binding patterns of CPl, CP2, and NF-I 
revealed examples of CCAAT elements that bound only 
one of the three proteins with high affinity (MLP, y-FBG, 
NF-I, a-globin, H-2Kb -72), as well as examples of CCAAT 

elements that bound two CCAAT proteins with moderate 
to high affinity (H-2Kb -51, MOPC-41 V,, 8-globin). The 
HSV tk promoter bound CPl with low affinity, and did not 
detectably bind to either CP2 or NF-I. Analysis of the bind- 
ing of HeLa cell proteins to a labeled fragment containing 
the HSV tk CCAAT element confirmed the specific binding 
of CPl, and also revealed the presence of an additional 
rapidly migrating specific complex of comparable abun- 
dance to that formed by CPl. Generation of this complex 
may be due to the previously described CCAAT-binding 
protein, CBP (data not shown). The H-2Kb promoter pre- 
sented an interesting example in which one CCAAT ele- 
ment (-51) bound both CPl and CP2 with high affinity, 
while an adjacent CCAAT element (-72) selectively bound 
only CP2 with high affinity (Figure 3, lanes 6 and 7). Dele- 
tion of sequences containing either one of these CCAAT 
elements resulted in a lo-fold reduction in transcription in 
vivo (A. Baldwin, unpublished results). However, on the 
basis of this data alone, it is unclear whether the loss of 
transcription activity resulted from the loss of binding of 
a particular CCAAT-binding factor. 

The binding specificities of CP1, CP2, and NF-I were 
reproducibly observed in multiple nuclear extracts pre- 
pared from HeLa cells. The same three binding specifici- 
ties were observed in HeLa whole-cell extracts. Thus the 
binding specificities defining CP1, CP2, and NF-I are not 
dependent upon the method of extract preparation. It 
seems highly unlikely that these three binding specifici- 
ties result from the in vitro modification of a single progeni- 
tor protein. Such a modification would have to occur rap- 
idly and precisely in multiple extracts to alter extensively 
the binding specificity of the protein. Protein modifications 
of this kind have not been described previously 

Optimal Binding of CPl, CP2, and NF-I Requires 

Two Chromatographic Fractions 
Since HeLa cell extracts had been shown to contain at 
least three distinct CCAAT-binding proteins by the above 
analysis, we wished to determine if these activities could 

be separated chromatographically. Surprisingly, resolution 
of HeLa whole cell extracts into four fractions by phos- 
phocellulose chromatography resulted in an almost com- 
plete loss of binding activity for each of the three CCAAT- 
binding proteins (data not shown). Pair-wise combination 
of the four phosphocellulose fractions revealed that addi- 
tion of the 0.04 M KCI flowthrough fraction A to the 0.6 M 
fraction C resulted in a striking restoration of binding activ- 
ity for each of the three CCAAT-binding proteins (data not 
shown). A similar result was observed following chroma- 
tography of a murine erythroleukemia cell extract on hep- 
arin-agarose (data not shown). For each of the CCAAT- 
binding proteins, the activities present in fraction A and in 
fraction C were followed through an additional chromato- 
graphic step. The activity present in fraction A bound to 
a DEAE column and was eluted by a 0.15 to 0.35 M KCI 
step (fraction AB; see Experimental Procedures). Simi- 
larly, the activity present in fraction C bound to a srngle- 
stranded DNA cellulose column and was eluted by a 0.1 
to 0.3 M KCI step (fraction CB; see Experimental Proce- 
dures). Although neither fraction AB nor fraction CB ex- 
hibited significant specific DNA-binding activity alone, 
combination of AB and CB resulted in a dramatic increase 
in the specific binding activity of CPl, CP2, and NF-I (Fig- 
ure 4A, lanes 1-3, 7-9, and 13-15). Combining fractions 
AB and CB resulted in a 30-to 50-fold stimulation of CPl 
binding activity, and in a 5 to lo-fold stimulation of CP2 
and NF-I binding activities. No other combination of chro- 
matographic fractions resulted in a significant stimulation 
of binding (data not shown). Trypsin treatment demon- 
strated that the active component in each fraction was a 
protein (data not shown). Binding was not stimulated by 
the addition of unrelated proteins such as bovine serum 
albumin to either fraction (data not shown). Thus, fraction 
AB contained binding activities CPlA, CP2A, and NF-IA. 
Similarly, fraction CB contained binding activities CPlB, 
CP2B, and NF-IB. 

CPl, CP2, and NF-I Do Not Share Common 
Subunit Binding Activities 
The surprisingly similar chromatographic behavior of the 
subunit activities of CPl, CP2, and NF-I raised the possi- 
bility that the three CCAAT-binding proteins might have 
common subunits. This possibility was examined by elut- 
ing CPIA, CP2A, and NF-IA activities from a DEAE 
column, and CPlB, CP2B, and NF-IB activities from a 
single-stranded DNA-cellulose column, with linear salt 
gradients. This provides better resolution than the discon- 
tinuous steps used to generate the original fractions AB 
and CB. Chromatography of phosphocellulose fraction C 
on single-stranded DNA-cellulose resulted in the clear 
separation of each of the three component activities (Fig- 
ure 4A). CPlB activity eluted primarily in fraction 8, CP2B 
activity eluted almost exclusively in fraction 10. and NF-IB 
activity eluted primarily in fraction 12 (Figure 4A, lanes 4, 
11, and 18). Therefore, CPlB, CP26, and NF-IB each have 
distinct chromatographic behavior. Similarly, chromatog- 
raphy of phosphocellulose fraction A on DEAE-Sephacel 
revealed that while CPlA activity peaked in fraction 80, 
CP2A exhibited a broad elution profile peaking in fraction 
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85, and NF-IA activity peaked in fraction 90 (Figure 48, 
lanes 5-7). Clearly, CPlA activity chromatographs in a dis- 
tinct fashion from CP2A and NF-IA. The relationship be- 
tween the chromatographic behavior of CP2A and NF-IA 
activities, however, is less clear. The observation that 
CP2A and NF-IA activities peak in separate fractions, and 
that the CP2A activity peak is quite broad while the NF-IA 
peak is relatively narrow, suggests that CP2A and NF-IA 
activities are distinct. This hypothesis is further supported 
by competition experiments performed in the presence of 
limiting amounts of fraction AB (data not shown). Under 
these conditions, a lOO-fold molar excess of an unlabeled 
y-FBG promoter fragment failed to compete for NF-I bind- 
ing. Similarly, the NF-I consensus binding site fragment 
failed to compete for CP2 binding. 

CPlA and CPlB Form a Stable Complex 
in the Absence of a DNA-Binding Site 
The observation that maximum binding activity of each of 
three CCAAT factors required the addition of two chro- 
matographic fractions suggested that at least two distinct 
subunits might be present in the CCAAT factor-DNA com- 

added to a standard binding reaction contaln- 
mg &her 12 ug of fraction [AB] alone (\anes 1. 
7. and 13), 4 rig of fraction [CB] alone (lanes 2. 
8. and 14), or a mixture of 12 1-19 of fraction [AB] 
(lanes 3-6. 9-12. and 15-18) and either 4 119 ot 
fraction [CB] (lanes 3, 9, and 15). or 4 rtg of 
DNA-cellulose gradient fraction 8 (lanes 4. 10. 
and 16). fraction 10 (lanes 5,11, and 17), or frac- 
tlon 12 (lanes 6. 12, and 18). &ding reactions 

I3 I4 I5 16 17 18 

NF-I 

were performed and analyzed by native gel 
electrophoresis as above. Chromatography of 
HeLa fraction [C] over DNA-cellulose was per- 
formed as in E;per\mental Procedures Ar- 
rows lndlcate specific protein-DNA complexes 
formed by CPl, CP2, and NF-I. 
(5) Chromatography of CPlA. CP2A, and NF- 
IA 20,000 cpm of a radiolabeled probe contain- 
mg sequences from either the Ad MLP (top 
panel), the y-FBG promoter (middle panel), or 
the NF-I consensus sequence (bottom panel) 
was added to a standard binding reactlon con- 
talnmg 4 Kg of HeLa fraction [CB] (lanes l-12). 
and &her 12 wg of HeCa fraction [AB] (lane I), 
1 ~1 of chromatography buffer (lane 2). or 1 ~1 
of the lndlcated chromatographlc gradient frac- 
tion derived from fractionation of HeLa fraction 
[A] over DEAE-Sephacel as in Experimental 
Procedures (lanes 3-12). Binding reactlons 
were analyzed by native gel electrophoresls as 
above Following autoradiography, panels cor- 
responding to the bound complexes formed on 
each of the three probes were excised and 
mounted together for direct comparison Ar- 
rows indicate the posItion of speck pro- 
tein-DNA complexes formed by CPl. CP2, and 
NF-I. 

plex. Thus, if these subunits form a stable complex in 
HeLa cell extracts, but are separated by cation-exchange 
chromatography, a binding activity present in unfraction- 
ated extracts would appear absent in chromatographic 
fractions. When the appropriate fractions containing the 
two subunits were combined, they could reassociate and 
thereby regenerate the original binding activity. In order to 
test this possibility, partially purified fractions containing 
CPlA alone, CPlB alone, or a combination of CPlA and 
CPlB were sedimented through glycerol gradients and 
the resulting fractions assayed for CPlA and CPlB bind- 
ing activities (Figure 5). CPlB activity derived from phos- 
phocellulose fraction C peaked in gradient fraction 3, cor- 
responding to a Svedberg coefficient of approximately 
2.7 S (Figure 5, top panel, lane 5). CPlA activity derived 
from DEAE fraction AB peaked in gradient fraction 4, cor- 
responding to a Svedberg coefficient of 3.7 S (Figure 5, 
second panel from top, lane 6). When fractions AB and C 
were mixed and preincubated prior to loading on the 
glycerol gradient, both CPlA and CPlB activities sedi- 
mented considerably more rapidly and both activities 
peaked in fraction 7 (Figure 5. bottom two panels, lane 9). 
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Two hundred and fifty mrcrograms of HeLa 

27s 
fractron [Cl, contarnlng partially purrfred CPlB 
(top panel), 1.2 mg of HeLa fraction [AB], con- 
taimng partrally purrfled CPlA (second panel 
from top). or a mixture of 250 ~19 of fraction [C] 

37 s and 1.2 mg of fraction [AB] (bottom two panels) 
were incubated for 10 mm at 30°C Reactions 
were layered onto lO%-30% glycerol gradl- 

53 s 

5.3 s 

ents and sedlmented at 45,000 rpm for 19 hr 
at 4’C Fourteen fractions (275 !rl each) were 
taken from each gradient and assayed for er- 
ther CPlA actlwty or CPlB actrwty. The top of 
the gradlent was fraction 1 In a parallel gra- 
dient, 50 rig each of ovalbumrn. bovine serum 
albumin, carbonic anhydrase, cytochrome C 
and catalase were sedimented, and portrons of 

each fraction were analyzed by SDS-polyacrylamide electrophoresls To assay for CPlA actwty (second panel from top, and bottom panel), 20,000 
cpm (03 ng) of the MLP-contarntng probe. RMC. was added to a standard binding reaction contarrIng a mixture of 75 119 of fraction [C] (lanes l-16). 
and either 36 119 fraction of (AB] (lane 1). 7 111 of glycerol gradient buffer contarmng no protein (lane Z), or 7 111 of gradient fractions 1-14 (lanes 3-16. 
respectrvely) To assay for CPlB actuty (top panel and second panel from bottom), 20,000 cpm (03 ng) of the MLP-contalmng probe, RMC, was 
added to a standard blndrng reactron contalnrng a mixture of 36 ~19 of fraction [AB] (lanes l-16), and erther 7.5 Lig of fraction [C] (lane 1). 7 111 of 
glycerol gradient buffer contalnlng no protein (lane 2). or 7 111 of gradlent fractrons I-14 (lanes 3-16, respectrvely). BIndIng reactrons were analyzed 
by native gel electrophoresrs as above. FolIowIng autoradlography. panels corresponding lo the bound complexes formed on the MLP probe were 
excised and mounted together for direct comparison. Svedberg coefflcrents were determlned by comparison of the actwty peak In each gradlent 
to the sedrmentatron profrle of protern standards The Svedberg coeffrcrents corresponding to the actwrty peak from each gradient are rndlcated 
to the rtght of each panel 

This sedimentation rate corresponded to a Svedberg 
coefficient of 5.3 S, Indicating that CPlA and CPlB were 
present as part of a larger complex. This complex was sta- 
ble at 4% over the period of 16 hr required for centrifuga- 
tion. Binding activity assayed In the absence of ex- 
ogenously added fractions AB or C indicated that glycerol 
gradient fraction 7 contained all of the components re- 
quired for specific CPl bindtng (data not shown). 

Interestingly, in the gradients containing both CPlA and 
CPlB activities, the activity peaks corresponding to the in- 
dividually sedimented factors at 2.7 S and 3.7 S were not 
detectable (Figure 5, bottom two panels, lanes 3 and 4). 
Since roughly equtvalent amounts of CPlA and CPlB ac- 
tivity were loaded onto the gradient (data not shown), it IS 

possible that the two activities efficiently associated with 
one another. If this occurred, it can be inferred that CPIA 
and CPlB bind to each other with high affinity. 

The Svedberg coefficients of CPlA and CPlB cor- 
respond to molecular weights of approximately 45 and 25 
kd, respectively, assuming they are globular proteins. The 
sedimentation rate of the CPlAICPlB complex corre- 
sponds to a molecular weight of approximately 140-150 
kd. Thus if CPl and its component subunits behave as 
globular proteins. it IS probable that the complex formed 
in solution is composed of more than a monomer of CPlA 
and a monomer of CPlB. CPl may in fact be a heterolo- 
gous complex composed of two molecules each of CPlA 
and CPlB. However, since there is no information regard- 
ing the shape of these molecules, and since there may be 
a significant conformational change following their as- 
sociation, the stoichiometry of components contained in 
CPl cannot be determined from this experiment 

CPlA and CPIB Are Both Present 
in the CPl-DNA Complex 
If a CPiAICPlB heterologous complex is in fact the spe- 
cies that specifically binds to DNA, then both molecules 
should copurify during DNA-affinity chromatography. CPl 
was purified by chromatography on a specific, MLP- 
containing DNA-affinity column. Affinity-purified CPl was 
subsequently subjected to phosphocellulose chromatog- 
raphy under conditions similar to those that separate 
CPlA from CPlB (Figure 6; see Experimental Proce- 
dures). Following chromatography, each fraction was as- 
sayed for the presence of CPIA and CPlB activities. The 
affinity-purified CPl bmding activity loaded onto the 
column could not be detected either in the 0.06 M KCI flow- 
through from the column or in the 0.6 M KCI eluate (Figure 
6, lanes 4, 5, and 8). Addition of partially purified CPIB to 
the flowthrough fraction resulted in a dramatic stimulation 
of specific CPl binding activity (Figure 6, lane 7). Con- 
versely, addition of partially purified CPlA to the flow- 
through fraction had no effect upon binding activity (Fig- 
ure 6, lane 6). This suggested that CPlA was present in 
the flowthrough fraction. Similarly, addition of partially pu- 
rified CPlA to the 0.6 M KCI phosphocellulose fraction 
resulted in a dramatic stimulation of binding activity. Con- 
versely, addition of partially purified CPlB to this same 
fraction had no effect upon binding activity (Figure 6, 
lanes 9 and 10). This suggested that CPlB was present 
in the 0.6 M phosphocellulose fraction. The eluate from a 
DNA-affinity column formed with a control fragment con- 
tained neither CPlA nor CPlB (data not shown). Thus, 
CPl purified by DNA-affinity chromatography contained 
both CPlA and CPlB activities. Therefore not only are 
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CPl actlvlty was punfled by DNA-afflnlty chromatography as described 
In ExperImental Procedures, and loaded onto a phosphocellulose 
column In buffer A + 60 mM KCI. The flowthrough (FT) was collected, 
and the column was eluted with Buffer A + 06 M KCI as described 
in Experimental Procedures. 20,000 cpm (0.1 ng) of an MLP probe con- 
talnlng sequences from -108 to -62 was Incubated In a standard CPl 
binding reactlon (lanes l-10) contaimng either 12 rig of CPlA-contain- 
Ing fraction [AB] (lanes 1, 2. 6. and 9), 4 big of CPlB-contaimng fraction 
[CB] (lanes 1, 3, 7, and 10). 1 ~1 of affinity-purlfled CPl (lane 4). 1 ~1 
of the afflnlty-purlfled CPl phosphocellulose flowthrough (P-Cell FT) 
fraction (lanes 5-7), or 1 ~1 of the afflnlty-purlfled CPl phosphocellu- 
lose 0.6 M KCI (P-Cell 06) eluate (lanes 8-10) Lane 1 contalned a mix- 
ture of partially purlfled CPlA activity ([AB]) and parttally purified CPlB 
actlvlty ([CB]). Lanes 2 and 3 contained partbally purified CPlA alone, 
and partially purified CPIB alone, respectively Lane 4 contained 1 111 
of afflmty-purified CPl In lanes 5-7, 1 PI of the affinity-purified CPl 
phosphocellulose flowthrough fraction was Incubated either alone 
(lane 5). with partially purlfled CPlA (lane 6), or with partially purified 
CPlB (lane 7) In lanes 8-10, 1 ~1 of the afflnlty-purified CPI phospho- 
cellulose 0.6 M eluate was Incubated either alone (lane 8), with partially 
purified CPlA (lane 9), or with partlaily purified CPl B (lane 10). BIndIng 
reactlons were analyzed by native gel electrophoresls as above 

CPlA and CPlB both required for DNA-binding activity, 
they are also each present in the CPl-DNA complex. 

Discussion 

We have identified three distinct proteins, CPI, CP2, and 
NF-I, which are present in extracts of HeLa cells and which 
bind to different subsets of promoter elements containing 
the sequence CCAAT. Each of these proteins has been 
shown to make critical contacts within the CCAAT pen- 
tanucleotide sequence by methylatlon interference analy- 
sis and by competition binding analysis with mutants har- 
boring alterations in the CCAAT element. The three 

CCAAT-binding proteins were distinct since flrst. each 
formed a specific protein-DNA complex of unique mobil- 
ity and appearance during native gel electrophoresis; sec- 
ond, each made a unique set of contacts with its bIndIng 
site as assayed by methylation interference; third, each 
bound with a unique pattern of affinities to a variety of 
promoters containing CCAAT elements; and fourth, each 
of the three CCAAT proteins could be separated chro 
matographically. 

How do the CCAAT-blnding proteins identlfled here pi- 
late to those that have previously been identified? CPl 
binds with high affinity to promoters that include human 
u-globin, human hsp70, H-2Kb, the adenovlrus MLP. and 
the MSV LTR. Based upon the consensus sequence for 
CPl (Table 1) and published methylatlon Interference pat- 
terns for other CCAAT-binding factors, CPl may be slmllar 
or identical to CCAAT-binding factors that bind to the sea 
urchin sperm histone H2B promoter, the human thymidine 
kinase promoter, the human hsp70 promoter, the mouse 
a-globin promoter, and the MHC class II E,, promoter 
(Barberis et al., 1987; Knight et al., 1987; Wu et al , 1987. 
Cohen et al., 1986; Dorn et al., 1987). 

It is more difficult to establish the relationship of CP2 to 
previously described CCAAT-binding factors. CP.2 binds 
with high affinity to CCAAT elements present in the-I-FBG 
promoter, the H-2Kb promoter, and the MOPC-41 V,~ pro- 
moter (see Table 1 for consensus sequence). Proteins 
binding to these elements have not been previously de- 
scribed. 

A previously characterized high-affinity binding site was 
used to detect NF-I (Rosenfeld et al., 1987). This probe 
generated a heterogeneous pattern of specific protein- 
DNA complexes with HeLa cell extracts in the gel elec- 
trophoresis DNA-blnding assay. This pattern is highly dis- 
tinctive, and essentially identical to complexes generated 
by affinity-purified NF-I (Rosenfeld et al., 1987; Jones et 
al., 1987). As anticipated from previous results, the forma- 
tion of all of these complexes was eliminated by a double 
point mutation in the NF-I binding site (Rosenfeld et al., 
1987). Finally, the methylation interference pattern ob- 
served for the heterogeneous set of NF-I protein-DNA 
complexes was identical to that reported for the binding 
of purified NF-I (De Vries et al., 1987). On this basis, we 
conclude that the collection of proteins that specifically 
binds to the probe containing the consensus NF-I bindlng 
site is NF-I. 

It has previously been reported that a single CCAAT- 
binding protein, CTF/NF-I, is both a promoter-specific tran- 
scription factor (CTF) for RNA polymerase II and an Inltia- 
tion factor for adenovirus DNA replication (NF-I) (Jones et 
al., 1987). NF-I is a cellular protein that binds with high- 
affinity to the adenovirus origin of replication and is re- 
quired for the initiation of replication (Nagata et al , 1983; 
Leegwater et al., 1985; Rosenfeld et al., 1987). CTF has 
been defined as a cellular DNA-binding protein that spe- 
clfically stimulates transcription from the human u-globin 
promoter, the HSV thymidine kinase promoter, and the hu- 
man hsp70 promoter by selective recognition of CCAAT 
elements in these promoters (Jones et al., 1985; Jones et 
al., 1987; Morgan et al., 1987). CTF has also been reported 
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to bind to CCAAT elements in the MSV LTR and the human 
b-globin promoter (Jones et al., 1985; Jones et al., 1987). 
Interestingly, these five CCAAT elements bound by CTF/ 
NF-I are also bound by CPl with virtually the same pattern 
of affinities, with the important exception that CPl does 
not bind with appreciable affinity to the adenovirus origin 
of replication or to the NF-I consensus sequence. More- 
over, the group of CCAAT-binding proteins that recognizes 
the NF-I consensus sequence probe does not bind with 
appreciable affinity to any of the CCAAT elements that are 
recognized by CPl. Thus, the high-affinity binding speci- 
ficities of CPl and NF-I are entirely nonoverlapping. How- 
ever, the sum of the binding specificities of CPl and NF-I 
are equivalent to the proposed binding specificity of the 
putative CTFiNF-I proteins. 

Mutational analysis of the HSV tk and f%-globin pro- 
moters suggests that CPl, and not NF-I, is likely to be 
responsible for the transcription stimulation mediated by 
the CCAAT elements in these promoters (Graves et al., 
1986; Myers et al., 1986; Charnay et al., 1985). Several 
mutations that affect the transcription efficiency of these 
promoters do not alter sequences shared with the NF-I 
consensus sequence (Table 2; Rosenfeld et al., 1987; 
Leegwater et al., 1985). Each of these mutations, however, 
does alter sequences shared with the consensus se- 
quence of CPl (Table 1). Specifically, the positions of two 
mutations that decrease transcription from these two 
promoters (HSV tk -88 [A to C]; 6-globin -72 [C to T]) and 
three mutations that increase transcription from these two 
promoters (HSV tk -87 [G to C]; HSV tk -80 [C to G]; 
f3-globin -79 [G to A]) correspond to sites where base 
substitutions have no effect on the affinity of NF-I binding 
(Table 2; Graves et al., 1986; Myers et al., 1986; Rosenfeld 
et al., 1987). In contrast, nucleotides at each of these posi- 
tions are conserved in high-affinity CPl binding sites. For 
all five mutations, those which increase transcriptional ef- 
ficiency increase the degree of similarity to the CPl con- 
sensus sequence, while those that decrease transcrip- 
tional efficiency decrease the degree of similarity to the 
CPl consensus sequence. Thus, the effect on transcrip- 
tional efficiency of a number of mutations in the CCAAT 
elements of the HSV tk and mouse 6-globin promoters are 
more readily correlated with CPl binding specificity than 
with NF-I binding specificity. 

Surprisingly, each of the three CCAAT-binding proteins, 
CPl, CP2, and NF-I, appear to be composed of at least two 
different subunits. This unique property was investigated 
most thoroughly for CPl. CPl binding activity in HeLa ex- 
tracts was lost following phosphocellulose chromatogra- 
phy, and was only reconstituted when two partially puri- 
fied fractions containing CPlA and CPlB were combined. 
Neither CPlA nor CPlB alone exhibited a significant 
amount of DNA-binding activity. However, DNA-affinity 
purified CPl contained both CPlA and CPIB activities, 
demonstrating that both polypeptides were present in the 
CPl-DNA complex. Moreover, glycerol gradient sedimen- 
tation revealed that CPlA and CPlB form a stable complex 
in solution in the absence of a CPl binding site. The sim- 
plest interpretation of these results is that CPl is a mul- 
tisubunit protein composed of heterologous subunits. 

Table 2. Mutatronal Analysrs of the HSV tk and 
Mouse fl-Globrn Promoters 

22 32 42 

~- 
TT’TTGGAITTGAAjEC-AATATG 
AAlAACCT;AACTTtCGGTTATAC 

Ad ORIGIN 

69 79 89 

‘G C 
+ -~ t 4, 

GTGTTCGAATTCGCCAA’TGAC 
CACAAGCTTAAGCGGTT]ACTG HSV tk 

MousE P-GLOBIN 

The sequences of the NF-I brndrng site rn the adenovrrus orrgrn of replr- 
cation, and of the HSV tk and mouse f&globtn CCAAT-contarmng 
promoter regrons were alrgned accordrng to the best frt to the NF-I motif, 
GCCAA. Positrve numbers (NF-I) indicate the nucleotrde positron rela- 
trve to the left termrnus of adenovrrus. Negattve numbers (HSV tk, 
fl-globin) Indicate the nucleotrde posrtron relatrve to the transcrrptron 
Initiation site Arrows that pornt down represent nucleotrdes that 
decrease transcrrptron InitratIon when mutated. Arrows that pornt up 
represent nucleotrdes that Increase transcription rmtratron when mu- 
tated to the nucleotrde shown above the arrow Mutatronal analysrs was 
derived from Graves et al (1986). Myers et al (1986). and Charnay 
et al (1985) 

The CCAAT-binding proteins CP2 and NF-I showed a 
two-factor dependence for DNA-binding which was very 
similar to that exhibited by CPl. Each required the mixing 
of two fractions in order to reconstitute maximum binding 
activity. It is potentially important to note that the two factor 
binding requirement was not as stringently observed for 
CP2 and NF-I as it was for CPl. High concentrations of 
CP2B or NF-IB alone, but not of CPlB alone, were capable 
of specific DNA-binding (see below). The chromatographic 
properties of the fractions containing the CPlA, CP2A, 
and NF-IA activities were remarkably similar. Neverthe- 
less, CPlA, CP2A, and NF-IA could be shown to be chro- 
matographically distinct and therefore most likely reflect 
the activities of different polypeptides. The complement- 
ing group of activities, CPlB, CP2B, and NF-IB, also be- 
haved similarly during chromatography, but CPlB was 
shown to be chromatographically distinct from CP2B and 
NF-IB. Further evidence also suggested that CP2B and 
NF-IB were distinct. Although we favor the model that CP2 
and NF-I are also multisubunit proteins composed of het- 
erologous subunits, this must be considered a hypothesis 
at present. However, this possibility is strengthened by the 
extensive similarity between these three CCAAT-binding 
factors in their recognition sequences, their apparent 
two-factor binding dependence, and the similar chromato- 
graphic behavior of each of their components. Thus we 
suggest that CPI, CP2, and NF-I are members of a fam- 
ily of evolutionarily related, heteromeric CCAAT-binding 
proteins. 

Recently, the CCAAT-binding protein CPl was shown to 
be highly homologous to a yeast CCAAT-binding protein 
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that activates transcription from the Iso-1-cytochrome C 
(CYCl) promoter (Chodosh et al., 1988). This yeast protein 
has been shown by genetic and biochemical analysis to 
be a multisubunit complex composed of the gene prod- 
ucts of the HAP2 and HAP3 loci (Guarente et al., 1984; 
Pinkham and Guarente, 1985; Olesen et al., 1987; Hahn 
et al., 1988; Hahn and Guarente, 1988). In fact, the yeast 
and human CCAAT-binding proteins are so similar that 
CPlA will functionally substitute for the HAP3 gene prod- 
uct in a specific binding reaction (Chodosh et al., 1988). 
Similarly, CPlB will functionally substitute for the HAP2 
gene product in a specific binding reaction (Chodosh et 
al., 1988). Thus the conclusion that CPl is a heteromeric 
CCAAT protein is supported not only by the above bio- 
chemical evidence but also, by extension, by genetic 
evidence in yeast. Although a mammallan heteromeric 
DNA-binding protein has not previously been described, 
a possible example is the specific interaction between the 
ovalbumin-specific transcription factor, COUP, and a non- 
DNA-binding factor, S3OOll (Tsai et al., 1987). Although 
S3OOll does not bind DNA, it is absolutely required for 
transcription of the ovalbumin promoter, but not for the 
SV40 early promoter. It appears that S3OOll is able to stabi- 
lize COUP-promoter complexes by slowing their rate of 
dissociation. 

The factors, CPlA, CP2A, and NF-IA flow through neg- 
atively charged columns while the factors CPlB, CP26, 
and NF-I6 bind to DNA-cellulose and to other negatively 
charged columns. This suggests that the latter set may 
possess a degree of intrinsic DNA-binding activity. Spe- 
cific DNA-protein complexes were observed with frac- 
tions containing only CP2B or NF-IB. Although these com- 
plexes could reflect the intrinsic binding of the single B 
factor, it is impossible to exclude the potential presence of 
contaminating A factor. The methylation interference pat- 
tern of the complex generated by CP2B alone was similar 
to that generated by CP2, but methylation at many more 
sites disrupted the CP2B-DNA complex. This would be 
expected if the affinity of the CP2B-DNA complex was 
lower than that of the CP2-DNA complex. By extension, 
we would predict that NF-IB could also be footprinted on 
DNA in the absence of NF-IA. Therefore, polypeptides en- 
coded by the cDNA clones of either CP2B or NF-IB would 
specifically bind to their respective recognition sites. How- 
ever, we would predict that the affinity of the cloned pro- 
tein would be lower than that of the complete heteromer, 
and that the heteromer is the active form in vivo. 

What is the functional significance of heteromeric 
CCAAT-binding proteins? A greater variety of regulatory 
options is available to a single protein that is composed 
of two or more subunits, each of which may be regulated 
independently in response to tissue-specific, temporal or 
environmental signals. In addition, the interchange of 
subunits among such proteins would provide an addi- 
tional level of combinatorial complexity to gene regulation. 
If one of the polypeptides in the heteromer contains the 
DNA-binding specificity, then exchange of the second 
polypeptide with another factor could play an important 
role in the transcriptional regulation of a particular pro- 
moter. For example, CPlA-like factors may affect transcnp- 

tional activation by confernng a particular speclflcity on. 
or increaslng the efficiency of transcriptional activation of, 
CPlB-like factors. This model wouid readily help explain 
how some molecules which appear to lack intrinsic DNA- 
binding activity are able to modulate the transcription ac- 
tlvity of DNA-binding proteins (Kingston et al., 1985). 
Thus, the trans-activator protein EIA of adenovirus may be 
a CPIA-like molecule. Conversely, this model could also 
help explain how DNA-binding proteins of apparently 
limlted specificity are able to speclfically activate tran- 
scription. The cellular proto-oncogene products c-myc 
and c-fos may function by this mechanism and may there- 
fore be CPlB-like molecules. 

Experimental Procedures 

Plasmids 
PlasmId pRMC was prepared by subclonlng a 127 bp EcoRI-Haelll 
fragment from pLP Into EcoRI-Smal-digested pUC13 pLP, whose con- 
structlon has previously been described (Chodosh et al 1986), con- 
talns Ad 2 MLP sequences from -174 to + 33. The 5’ deletlonillnker 
scanning mutant, pR108-MLP, was prepared by digesting the 161 bp 
EcoRI-HIndIll fragment of pRMC with Mboll. bluntmg the ends with T4 
DNA polymerase, and digesting the resulting Mboll-HIndIll fragment 
wtth BamHI. The Mboll-BamHI fragment was subcloned into Hlncll- 
BarnHI-dlgested pRW, a plasmld contalnlng Ad 2 MLP sequences 
from -51 to +33 whose construction has previously been described 
(Chodosh et al., 1986). The resulting plasmid, pAlO%MLP, contains Ad 
2 MLP sequences from -108 to ~33, with a hnker-scanning mutation 
of the MLTF-bmdmg site that replaces sequences from -62 to -53 
with a pUC13 polyllnker sequence containing a Bamtil restrlction site. 
Plasmld pnGBCCAAT contains human cr-globin sequences from -81 
to -58, and was prepared by inserting a synthetic ollgonucleotlde of 
sequence CTAGACTCCGCGCCAGCCAATGAGCGCCGT into the Xbal 
site of pUC18. Plasmid ptrGBCCAAT-dm IS identical to pnGBCCAAT 
with the exception that the Inserted ollgonucleotide differs at two posi- 
tions, and contains the sequence CTAGACTCCGCGCCAGCGAGT- 
GAGCGCCGT. PlasmId pyFBG-95, whose construction has previously 
been described (Chodosh et al., 1987), contams rat ./-flbrmogen se- 
quences from -95 to +35. The plasmids plD-621-54, plD-65/-54, 
and plD-74/-54, which were kind gifts from J. Morgan, are Internal de- 
letion mutants of the rat y-FBG promoter and have been described pre- 
viously (Chodosh et al., 1987; Morgan et al., 1988). Plasmid pNF-I con- 
tains a high-afflnlty NF-I bmdlng site derived by mutatmg a single 
posltlon of the adenovirus origm of repllcatlon. This mutant has prevl- 
ously been characterized as pUpm28 (Rosenfeld et al., 1987). pNF-I 
was constructed by Inserting a synthetic ollgonucleotide of sequence 
GATCATTTTGGCTTGAAGCCAATATGA into the BamHl site of pUC13 
The plasmid pNF-I-dm was prepared identically to pNF-I, with the ex- 
ception that the inserted oligonucleotlde differed at two positions, and 
contained the sequence GATCATTTTTGCTTGAAGCAAATATGA. Plas- 
mid pRlB contains 84 to 100 map units of Ad 5 cloned into the EcoRl 
site of pBR322 and has been previously described (Fire et al.. 1981). 
The plasmid pH-2KbA15 (A. Baldwin, unpublished results) was de- 
rived from p365H2KCAT (Baldwin and Sharp, 1987), and contains se- 
quences from -65 to +3 of the mouse class I major hlstocompatlbillty 
H-2Kb gene subcloned Into pUC-CAT (gift from M. Gilman). The 
plasmld pH2KCCAAT-72 contains sequences from the MHC H-2Kb 
promoter between -90 and -64 and was prepared by InsettIng a 
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synthetic olrgonucleotide of sequence GATCCGCGCCACCCAATG- 
GGGGTAAGAGCTG Into the BamHl site of pUC13. The plasmrd ~328. 
pUC, a gift from D. Galson, contains mouse 8-globin sequences from 
-344 to -15 and has been descrrbed previously (Galson and Hous- 

man, 1988). The plasmid pSPlgVk gene was a grft from N. Speck and 
contains the 250 bp SfaNl promoter fragment of the MOPC-41 Vk 
gene encompassmg sequences upstream of -47 (Srngh et al., 1986). 
All plasmids constructed by inserting synthettc oligonucleotides Into 
pUC13 or pUC18 were sequenced to confirm single copy rnsertron and 
proper sequence. 

Probes for Gel Electrophoresis DNA-Binding Assay 
All probes were prepared by end-labeling DNA fragments wrth Klenow 
and either r@‘PjdATP or n-[s2P]dCTP and were Isolated by agarose 
gel electrophoresis onto NA-45 DEAE-membrane followed by elutron 
in a buffer consistmg of 10 mM Tris-HCI (pH 7.9) 1 mM EDTA, and 1 .O M 
NaCl accordrng to the supplier’s recommendatrons (Schlercher 8 
Schuell). The 161 bp MLP-containing probe RMC was prepared by 
end-labeling an EccRI-Hindlll digest of pRMC. The 74 bp MLP- 
containing probe, A108, whrch contarns MLP sequences from -108 to 
-62, was prepared by end-labeling a BamHI-Hindlll digest of pA108- 
MLP. The 90 bp T-fibrinogen-containing probe, Y-FBG. which contarns 
Y-FBG sequences from -95 to -39, was prepared by end-labelrng an 
EcoRllHindlll digest of pyFBG-95. The 77 bp probe, NF-I, which con- 
tains sequences corresponding to +21 to +45 of the left terminus of 
Ad 2 with a point mutation at ~28. was prepared by end-labeling an 
EcoRllHrndlll digest of pNF-I. 

Competitor DNA Fragments for Gel Electrophoresis 
DNA-Binding Assay 
The competitor DNA fragment, MLP (MLP-108), was prepared by 
digestmg pAlOB-MLP with BamHl and Hmdlll, and isolatmg the 74 bp 
fragment (-108 to -62 relative to the MLP cap site). The competitor 
fragment, MLP-53, was prepared by drgesting pA-108-MLP with 
EcoRl and BarnHI, and rsolating the 98 bp fragment (-53 to +33). The 
competrtor fragment, y-FBG. was prepared by digestrng pyFBG-95 
with EcoRI, and rsolating the 90 bp fragment (-95 to -39). The com- 
petitor fragments, ID-62/-54, ID-65/-54, and ID-741-54, were pre- 
pared by digesting the plasmid corresponding to each with BstEll and 
BstXI, and isolating the 122. 119, or 110 bpfragment, respectively(-95 
to +35 with Internal deletion of -62 to -54, -65 to -54, or -74 to 
-54, respectively). The competrtor fragment, NF-I, was prepared by 

digesting pNF-I with EcoRl and Hrndlll, and rsola!ing the 77 bp frag- 
ment (corresponding to +21 to +45 of the left terminus of Ad 2 with 
a point mutation at +28). The fragment, NF-I-dm. was prepared by 
digestrng pNF-I-dm with EcoRl and Hrndlll. and rsolatrng the 77 bp 
fragment. The fragment, Ad origin, was prepared by digesting pRlB 
with Smal and EcoRI. and isolating the 580 bp fragment (-329 to 
+246). The competitor fragment, a-globrn, was prepared by digesting 

paGBCCAAT with EcoRl and Hrndlll. and rsolatmg the 80 bp fragment 
(-81 to -58). The competrtorfragment, a-globrn-dm, was prepared by 
drgesting a-GBCCAAT-dm with EcoRl and Hrndlll, and rsolating the 80 
bp fragment. The competitor fragment, H-2K-51, was prepared by 
digesting pH-2KbA15 with Xhol and EcoRI, and isolating the 335 bp 
fragment (-65 to +3) The competrtor fragment, H-2K-72, was pre- 
pared by digesting pH2KCCAAT-72 with EcoRl and Hindlll, and isolat- 
rng the 81 bp fragment (-90 to -64). The HSV tk competitor fragment 
was prepared by annealing the gel-purified 31 nucleotrde synthetic oli- 
gonucleotrde of sequence CTAGATGTTCGAATTCGCCAATGACAA- 
GACT to the complementary oligonucleotide CTAGATCTCTTGTCATT- 
GGCGAATTCGAACAT (-94 to -70). The competrtor fragment, 8.glo- 
bin, was prepared by digesting p328pUC with BamHl and Hindlll and 
isolating the 330 bp fragment (-344 to -15). The competrtor fragment, 
Vk was prepared by digesting pSPlgVk with EcoRl and Hrndlll, and 
isolating the 300 bp fragment (-47 to -297). The competrtor fragment, 
pUC-18, was prepared by digesting pUC18 plasmid wrth EcoRl and 
Hindlll, and Isolating the 50 bp polylinker. All fragments were purrfred 
by agarose gel electrophoresis onto NA-45 as above DNA fragment 
concentrations were estimated by comparison with E coli DNA di- 
gested with Hincll using the ethrdrum bromide dot method (Maniahs 
et al., 1982) 

Gel Electrophoresis DNA-Binding Assay 
Protern-DNA complexes were resolved on low romc strength native 
polyacrylamide gels as described (Carthew et al , 1985). with several 
modrfrcahons. Protem samples were Incubated wrth approxrmately 
20,000 cpm (0.1-0.3 ng) of an end-labeled double-stranded DNA frag- 
ment rn the presence of 2.0 ug poly(dl-dC),poly(dl-dC) in a final volume 
of 10 ~1. lncubahons were carried out at 30°C for lo-30 mm All brndrng 
reactrons contained 12% glycerol, 12 mM HEPES-NaOH (pH 79) 4 
mM Trrs-HCI (pH 7.9), 1 mM EDTA, 0.6 mM dithiothreitol, and 300 Kg/ml 
bovine serum albumen. In additron, CPl and CP2 binding reactrons 
contained 60 mM KCI, whereas NF-I bindrng reactrons contarned 150 
mM KCI and 5 mM MgCI? except as rndrcated. Followrng electrophore- 
SIS. gels were drred onto Whatmann 3MM and vrsualrzed by autoradr- 
ography on Kodak XAR-5 film 

Methylation Interference Assay 
The procedure of Srebenlist et al. (1980) was used with several modifi- 
catrons. Probes for methylatron interference assays were prepared as 
above, except that each was uniquely end-labeled. In order to label the 
codrng strand, pAlOB-MLP pyFBG, and pNF-I were frrst digested wrth 
BamHI, EcoRI, and EcoRI, respectively. In order to label the noncodrng 
strand, pAlOB-MLP pyFBG, and pNF-I were first digested with Hrndlll. 
BamHI, and Hindlll, respectrvely. Digested plasmids were end-labeled 
with Klenow and erther a-[s’P]dATP or a-[3’P]dCTP Following heat in- 
actrvatron, plasmrds pAl08-MLP pvFBG, and pNF-I labeled on the 
coding strand were redigested with Hindlll, BamHI. and Hrndlll. re- 
spectrvely. Plasmrds pA108-MLP pvFBG, and pNF-I labeled on the 
noncoding strand were redrgested with BamHI, EcoRI, and EcoRI, 
respectively. Probes were partrally methylated with dimethylsulfate 
(Maxam and Gilbert, 1980) purrfred, and used as substrate rn a stan- 
dard brndrng reactron as above, with the exceptron that reactions were 
scaled up to 50 MI, and contained 200,000 cpm of the appropriate probe 
rn additron to 10 pg poly(dl-dC)-(dl-dC), 180 rrg fractron [AB], and 58 
pg fraction [CB]. A mock brndrng reaction lackrng fractions [AB] or [CB] 
was performed rn parallel. After incubahon at 30% for 30 mm, binding 
reactions were loaded onto native polyacrylamtde gels and electropho- 
resed as above. Brief autoradrography at 4% identified free and bound 
DNA-contaimng complexes which were excised from the natrve poly- 
acrylamide gel and embedded rn an agarose gel. Labeled DNA was 
electrophoresed from the polyacrylamide gel slices, through the 
agarose matrrx, and onto NA-45 DEAE-membrane. DNA bound to the 
NA-45 membrane was eluted as above, purified, piperidine-cleaved, 
electrophoresed on a 10% polyacrylamide-8 M urea 0.3 mm thickness 
gel, and visualized by autoradiography. Gels from which complexes 
had been excised were revisualized by autoradiography to confrrm that 
the appropriate complexes had been accurately excised 

Affinity Purification of CPl 
CPl was affimty-purified using a modificatron of the previously de- 
scribed streptavrdrn-btotrn technique (Chodosh et al., 1986) The Hrncll- 
EcoRl fragment of pRMC was Isolated and brotrnylated wrth brotm- 
dUTP and Klenow fragment (Chodosh et al , 1986) One hundred and 
forty-four nanograms of the 145 bp biotinylated fragment was incu- 
bated with 100 pg poly(dl-dC),(dl-dC), 250 Kg/ml BSA, 2.4 mg fraction 
[AB]. and 0.87 mg fraction [CB] rn a final volume of 367 ~1 under stan- 
dard CPl brndrng conditions at 30% for 60 min. Erght hundred and frfty 
nanograms of streptavidin (Apcel) were added. and the reaction con- 
tinued for an addrtronal 15 min. Reactions were chilled on ice, added 
to 30 PI of preequilibrated blotin-cellulose (Pierce). resuspended, and 
gently mixed at 4% for 30 min. The reactron was centrrfuged at 2000 
rpm x 1 mm and the brotrn-cellulose pellet was washed five hmes with 
10 ml each of cold brndmg buffer, transferred to a clean tube, poured 
into a Pi000 Eppendorf prpet tip plugged wrth srlrconized glass woof, 
and eluted with 200 pi of Buffer A + 1.0 M KCI + 200 Kg/ml BSA. Frac- 
tions contarmng CPl activrty were pooled and dialyzed against Buffer 
A + 0.06 M KCI. 

Extracts and Chromatography 
HeLa whole-cell extracts were prepared as prevrously described (Man- 
ley et al., 1980). Chromatography of HeLa whole cell extract to gener- 
ate fractions [A], (AB], [Cl, and [CB] was as described (Samuels et al , 
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1982) Linear salt-gradlent elutlon of [A] actlvlty from DEAE-Sephacel 
was performed by loading 400 ml of phosphocellulose fractton [A] ad- 
justed to 015 M KCI onto a 120 ml (2.5 x 24 cm) DEAE-Sephacel 
column The column was washed with 3 column volumes of Buffer A 
+ 01 M KCI Buffer A conslsted of 20% glycerol, 20 mM HEPES 
NaOH (pH 79). 1 mM EDTA, and 1 mM dithlothreltol The column was 
eluted with a 6 column volume Itnear gradient from 0.15 M-04 M KCI 
in Buffer A Eleven milliliters fractions were collected, and dialyzed 
against Buffer A + 01 M KCI 

Linear gradient elutlon of [C] actlvlty from DNA-cellulose (M 
Samuels. unpublished data) was performed as follows 90 ml of frac~ 
tion [Cl. derived from 70 ml of HeLa WCE, were adjusted to 0 21 M KCI 
and applied to a 120 ml (25 x 24 cm) DEAE-Sephacel column 
equlllbrated in Buffer A + 01 M KCI (Samuels et al 1982) The flow 
through. which contalned CPl, CP2. and NF-I actlvltles. was applied 
to a 40 ml (2 5 x 8 cm) DNA-cellulose column eqdlllbrated in Buffer 
A + 01 M KCI + 5 mM MgCIZ The column was washed with 5 
column volumes of equlllbratlon buffer and eluted with a 5 column vol- 
ume linear gradlent from 01 M to 08 M KCI in Buffer A + 5 mM 
MgCI, Ten mllllllter fractions were collected and dialyzed against 
Buffer A + 01 M KCI 

Phosphocellulose chromatography of affinity-purlfled CPl was car- 
ried out on a 50 111 phosphocellulose column poured and equlllbrated 
with A + 0 1 in an Eppendorf PlOOO plpet top plugged with slhconlzed 
glass wool The column was sequentially prewashed with A + 0 1 M 
KCI + 200 llg/mi BSA and A + 10 M KCI and equlllbrated II- A + 
0 06 M KCI Fifty mlcrollters of affinity-purlfled CPl was loaded onto the 
column at a flow rate of 6 column volumes per hour The column was 
washed with 3 column volumes of A + 006 M KCI + 200 ltgiml BSA 
and eluted with 3 column volumes of A + 06 M KCI + 200 llgiml BSA 
Twenty-five mlcrollter fractions were collected, and dlalyred against A 
+ 01 M KCI 

Glycerol Gradient Sedimentation 
Allquots of fractions [AB] and [C] were dlalyred against 20 mM HEPES- 
NaOH (pH 79). 1 mM EDTA. 1 mM DTT, 60 mM KCI, and 8% glycerol 
Fifty microliters of dialyzed fraction [AB] and 50 ~11 of dialyzed fraction 
[C] were incubated alone or in combination for 10 mtn at 30% Reac- 
tlons were layered onto lo%-30% glycerol gradtents and sedlmented 
at 45000 rpm for 19 hr in a SW60 rotor at 4% Fourteen fractions (275 
~11 each) were taken from each gradlent, and 7 ~1 of each fraction were 
tested in a standard CPl bindIng assay contalnlng the complementary 
CPl fraction and 0 4 ng of the MLP probe. RMC In a parallel gradient, 
50 119 each of ovalbumln. bovine serum albumin, carbonic anhydrase, 
cytochrome C. and catalase were sedlmented. and portions of each 
fraction analyzed by SDS-polyacrylamlde gel electrophoresis 
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