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Nuclear factor I is a cellular site-specific DNA-binding protein required for the efficient in vitro replication
of adenovirus DNA. We have characterized human DNA sequences to which nuclear factor I binds. Three
nuclear factor I binding sites (FIB sites), isolated from HeLa cell DNA, each contain the sequence
TGG(N).,GCCAA. Comparison with other known and putative FIB sites suggests that this sequence is
importanit for the binding of nuclear factor 1. Nuclear factor I protects a 25- to 30-base-pair region surrounding
this sequence from digestion by DNase 1. Methylation protection studies suggest that nuclear factor I interacts
with guanine residues within the TGG(N)s.,GCCAA consensus sequence. One binding site (FIB-2) contained a
restriction endonuclease Haelll cleavage site (GGCC) at the 5’ end of the GCCAA motif. Digestion of FIB-2
with Haelll abolished the binding of nuclear factor I. Southern blot analyses indicate that the cellular FIB sites
described here are present within single-copy DNA in the HeLa cell genome.

Considerable progress has been made in the purification
and characterization of procaryotic DNA replication pro-
teins. (12). However, the lack of both genetic analysis and in
vitro replication systems has hampered similar studies on
DNA synthesis in eucaryotes. Adenovirus (Ad) DNA repli-
cation is the only system in eucaryotes that is amenable to
genetic manipulation (5, 22, 30) and for which the initiation
and elongation of DNA chains have been reconstituted with
purified proteins (20; for reviews see references 3, 9. and 28).
We have fractionated and purified the viral and cellular
proteins required for the in vitro replication of Ad DNA with
the goal of isolating proteins involved in host DNA synthesis
(7,9, 16). A protein of particular interest is nuclear factor I,
a cellular site-specific DN A-binding protein that is required
for the efficient in vitro initiation of Ad DNA replication (19,
21, 23).

Nuclear factor I was purified from nuclear extracts of
uninfected HeLa cells by its ability to support the replication
of Ad DNA in vitro (19). The synthesis of full-length Ad
DNA in vitro requires five purified proteins (4, 20). Three of
these proteins are viral coded, the 80,000-dalton precursor to
the 55,000-dalton terminal protein found at the 5’ end of the
Ad genome (pTP), the Ad DNA polymerase. and the Ad
DNA-binding protein. The two remaining proteins. nuclear
factors I and II, are host coded and have been purified from
nuclear extracts of uninfected HeLa cells. The initiation of
Ad DNA synthesis occurs by the covalent attachment of
dCMP, the 5'-terminal deoxynucleotide of Ad DNA, to the
pTP (2, 15). This initiation reaction is catalyzed by the Ad
DNA polymerase and, in the presence of the Ad DNA-bind-
ing protein, is completely dependent on nuclear factor I (19).
Nuclear factor I has been shown to specifically bind, and
protect from DNase I digestion, a 32-base-pair (bp) DNA
sequence located in the replication origin present at the
termini of the 36,000-bp Ad genome (21. 23). The ability of
nuclear factor 1 to stimulate the initiation of Ad DNA
replication has been directly correlated with its ability to
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bind this region of Ad DNA (10, 23). The pTP-dCMP
initiation complex formed in the presence of nuclear factor I
can be elongated by the Ad DNA polymerase to replication
intermediates approximately one-fourth the size of viral
DNA (20). Nuclear factor II, which posesses an intrinsic
type I topoisomerase activity, has no effect on the formation
of the pTP-dCMP initiation complex, but it is required for
the elongation of replicating intermediates, formed in the
presence of the three viral proteins and nuclear factor I, to
full-length Ad DNA (20).

The host-coded proteins identified with the in vitro Ad
DNA replication system are of interest with respect to their
possible role in host nucleic acid metabolism. Because
nuclear factor I binds specifically to DNA sequences present
in the Ad genome, it appeared likely that this protein
interacted with cellular DNA sequences. Recently, such
cellular DNA sequences were isolated and cloned (8), and it
was estimated that one nuclear factor I binding (FIB) site is
present about every 100 kilobases (kb) in the HelLa cell
genome. In this report, we have analyzed in detail three
cellular DNA sequences to which nuclear factor I binds.
DNA sequencing, DNase I protection, and dimethyl sulfate
methylation protection studies have been performed to ex-
amine the binding of nuclear factor I to the cellular FIB sites.
We also describe the use of a novel technique, termed
‘‘elongated primer selection’’, which may be useful in deter-
mining the minimal DN A sequence required for proteins that
bind to specific sites on duplex DNA. The results of these
studies provide a precise determination of those DNA se-
quences required for site-specific DNA binding by nuclear
factor I.

MATERIALS AND METHODS

Preparation of nuclear factor 1. Nuclear factor 1 was puri-
fied from extracts of uninfected HeLa cell nuclei as previ-
ously described (19). Denatured DN A-cellulose or glycerol
gradient-purified nuclear factor I preparations were used
unless otherwise noted.

Preparation of plasmid DNA. Plasmids were propagated in
the DH-1 strain of Escherichia coli (11). DNA was prepared
by alkaline lysis followed by centrifugation to equilibrium in
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FIG. 1. Restriction maps of HeLa cell FIB sites. FIB-1. FIB-2, and FIB-3 are 0.8-, 3.0-, and 2.2-kb HindlIII fragments, respectively, that
contain nuclear FIB sites and were cloned from HeLa cell DNA (8). The nuclear FIB sites were previously localized to the regions shown
by the hatched bars. The expansions of these areas show additional restriction enzyme cleavage sites and the region of DNA which is
protected from DNase I digestion by nuclear factor I (black bars, see Fig. 2 and 3). The abbreviations for restriction enzyme sites shown are
as follows: A, Alul; B, BamHI; Bg, Bgll, Bg 2, Bglll; E, EcoRl; H, Hindlll; Haelll: Hp. Hpal: N, Ncol. The cleavage sites for several of
these enzymes are shown only when they lie within the previously described nuclear FIB region (hatched bars). The coding region for the
tetracycline resistance gene of the parent vector pBR322 would lie to the left of the figure.

cesium chloride-ethidium bromide gradients (17). Plasmids
pFIB-1, pFIB-2, and pFIB-3 contain 0.8-, 3.0-, and 2.2-kb
inserts, respectively, of HeLa cell DNA cloned into the
HindIII site of pBR322. These plasmids contain nuclear FIB
sites FIB-1, FIB-2, and FIB-3, respectively (8). pFIB-2a
contains the 0.9-kb HindIII-BamHI fragment of pFIB-2
cloned into the HindIlI-BamHI site of M13mp9. pFIB-28
and pFIB-2y contain the 70-bp Alul fragment (see Fig. 1)
from the insert of pFIB-2 cloned into the Smal site of
M13mp9 in the same and opposite orientations as pFIB-2a,
respectively. All M13 clones were grown in E. coli strain
JM103. Single-strand and superhelical plasmid DNAs were
prepared by standard procedures (17).

Nitrocellulose filter-binding assays and elongated primer
selection. The retention of labeled DNA fragments on nitro-
cellulose filters in the presence of nuclear factor I was
performed as previously described (8, 21). DNA eluted from
the filters was analyzed by electrophoresis on agarose or
acrylamide gels. To map the DNA sequences required for
the binding of nuclear factor I to duplex pFIB-3 DNA,
dideoxynucleotide sequencing reactions were performed by
the method of Wallace et al. (32) with the synthetic pBR322
Hindlll site sequencing primer (New England BioLabs,
Beverly, Mass.) and heat-denatured pFIB-3 DNA. After
completion of the sequencing reactions, the samples were
extracted once with phenol-chloroform and once with wa-
ter-saturated ether. A portion of each sample was incubated
with nuclear factor I, filtered through nitrocellulose mem-
branes (HAWP; Millipore Corp., Bedford, Mass.), and

washed:; the DNA retained on the filter was eluted as
previously described (21). The eluted DNA was analyzed on
6% polyacrylamide-50% urea sequencing gels along with the
unselected products of the sequencing reactions.

DNase protection and miscellaneous techniques. Plasmid
DNA was digested with the indicated restriction endonucle-
ase and the resulting fragments were labeled at their 5’ or 3’
termini with [y-32P]ATP or [a-*?P]dNTPs by standard tech-
niques (17). The labeled fragments were digested with a
second restriction enzyme to generate molecules with
uniquely labeled ends, and these were purified by electropho-
resis through agarose or acrylamide gels. DNase I protection
experiments were performed with uniquely labeled frag-
ments as previously described (21). Sequencihg of the FIB
sites was performed by the chemical cleavage (18) or chain
termination (24) methods. Analysis of cellular DNA homol-
ogous to the cloned FIB sites was performed as previously
described (27).

Methylation protection. The 82-bp EcoRI-BamHI DNA
fragment (2 fmol) from pFIB-2, uniquely labeled with 3?P at
the 5’ terminus of the BamHI site as described above, was
incubated in reaction mixtures (50 pl) containing 50 mM
sodium cacodylate buffer (pH 8.1), 5 mM MgCl,, 10 pg of
bovine serum albumin, 150 mM NaCl, and various amounts
of nuclear factor I (denatured DN A-cellulose fraction) for 20
min at 0°C. The reaction mixtures were then transferred to
21°C for 5 min, dimethyl sulfate was added to a final
concentration of 0.5%, and the incubation was continued for
an additional S min. Reactions were halted by the addition of
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FIG. 2. DNase I protection of HeLa cell FIB sites. DNA frag-
ments (2 to 10 fmol) from within the hatched areas of Fig. 1 were
labeled at a unique end and digested with DNase I in the absence (—)
and presence (+) of nuclear factor I (5 ng) as described previously
(21). The resulting fragments were analyzed on 6% polyacrylamide
sequencing gels in the presence of DNA restriction fragment mark-
ers or markers produced by subjecting the fragments to limited
chemical cleavage sequencing reactions. The DNA fragments used
are designated as follows: FIB-1, the Sau3Al-Bgll fragment of
pFIB-1 3’ labeled at the Sau3Al site; FIB-2, the HindlII-BamHI
fragment of pFIB-2 3’ labeled at the BamHI site; FIB-3, the
HindllI-Bgll fragment of pFIB-3 3’ labeled at the HindlII site.

20 pl of a solution containing 1.5 M sodium acetate and
1.0 M 2-mercaptoethanol. E. coli tRNA (10 pg) was added,
and the nucleic acid was precipitated twice with ethanol,
dried in vacuo, and subjected to reactions which favored
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FIG. 3. DNA sequence of AdS and HeLa FIB sites. The DNA
sequences of the AdS and HeLa FIB sites are aligned at regions
protected from DNase I digestion by nuclear factor I. The brackets
above each sequence denote the protected region, and the arrows
indicate sites of enhanced DNase | cleavage in the presence of
nuclear factor I. The consensus sequence TGG(N)s,GCCAA is
underlined in each FIB site.
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FIG. 4. Binding of nuclear factor I to clone FIB-28 DNA frag-
ments. Nitrocellulose filter binding assays of 3'->?P-labeled restric-
tion fragments were performed as described in the text. DNA
fragments employed were as follows: lanes 1 to 3, clone pFIB-28
DNA (125 ng) digested with EcoRI and BamHI; lanes 4 to 6,
gel-purified 82-bp insert (1.4 ng); lanes 7 to 9, a Haelll digest of an
82-bp fragment (1.4 ng); and lane 10, a mixture of the 82-bp fragment
and its Haelll digest (1.4 ng each). Lanes 1, 4, and 7 show the input
DNA; the remaining lanes show DNA bound to nitrocellulose filters
in the absence (lanes 2, 5, and 8) or presence (lanes 3, 6, 9, and 10)
of 44 ng of nuclear factor I. Filter-bound DNA was eluted and
electrophoresed on a 10% polyacrylamide gel. Vector and insert
fragments are indicated at the left, and restriction fragment lengths
(in base pairs) are shown at the right of the figure.

cleavage at guanine residues (18). DNA fragments were
lyophilized three times and analyzed by electrophoresis on
8% polyacrylamide-50% urea sequencing gels.

RESULTS

DNase 1 cleavage protection and enhancement. It was
shown previously that nuclear factor I binds specifically to
the HeLa cell DNA fragments present in pFIB-1, pFIB-2,
and pFIB-3 (8). The binding sites noted previously by
restriction endonuclease analysis are delineated by the
hatched bars in Fig. 1. DNase I protection experiments were
performed to futher localize the FIB sites on each of these
DNA fragments. DNA fragments were uniquely labeled at
one terminus and were incubated with DNase I in the
presence or absence of nuclear factor I. In the presence of
nuclear factor I, a 25- to 30-bp region of each clone was
protected from DNase I digestion (Fig. 2). In addition, the
presence of nuclear factor I caused enhanced cleavage by
DNase I at sites adjacent to the protected regions of each
clone (Fig. 2, arrows). For each DNA fragment, the size of
the region protected from DNase I digestion by nuclear
factor I is similar to that seen previously for the FIB site
present on Ad serotype 5 DNA (21, 23). Analysis of the
DNA sequence encompassing the protected regions re-
vealed that the sequence TGG(N)s;GCCAA appeared in all
four FIB sites (Fig. 3.) A defined sequence of this size and
complexity would appear randomly in a genome approxi-
mately once every 16,000 bp (1/4’; uncorrected for base
composition). Because this sequence is present in each FIB
site, it is likely to be important for the binding of nuclear
factor I. The nuclear FIB sites are designated by the solid
black bars on the expanded restriction maps of pFIB-1,
pFIB-2, and pFIB-3 (Fig. 1).

Determination of the minimal sequence required for binding
of nuclear factor I. Guggenheimer et al. (10) demonstrated
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FIG. 5. Analysis of FIB-3 by elongated primer selection. pFIB-3
DNA was linearized with EcoRl and heat denatured, and the
pBR322 Hindlll sequencing primer was annealed by the method of
Wallace et al. (32). The annealed primer was elongated with
dideoxy-sequencing reactions, and the DNA was isolated as de-
scribed in the text. Portions of the DNA (45 ng) were incubated with
10 ng of nuclear factor I and filtered through alkali-washed nitrocel-
lulose membranes as described previously (8, 21). DNA retained on
the filters in the presence of nuclear factor I (lanes marked S) was
eluted and analyzed on a 6% polyacrylamide sequencing gel along
with DNA not subjected to nuclear factor I selection (lanes marked
U). Lanes C, A. T, and G are sequencing reactions performed in the
presence of ddCTP, ddATP, ddTTP. and ddGTP, respectively.

that a 48-bp fragment of the AdS FIB site was sufficient for
the binding of nuclear factor I. We therefore attempted to
isolate a small fragment of a cellular FIB site that would bind
nuclear factor I. An Alul digest of the HindlII-BamHI
fragment of pFIB-2 yielded a 70-bp DNA fragment (Fig. 1) to
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which nuclear factor I bound specifically (data not shown).
This fragment was cloned into the Smal site of M13mp9 to
generate pFIB-2B. Digestion of pFIB-2B with EcoRI and
BamHI liberated an 82-bp fragment that contained FIB-2.
This 82-bp fragment contains a Haelll site (GGCC) at the 5’
end of the second motif (GCCAA) of the consensus se-
quence (Fig. 1 and Fig. 3). We therefore tested whether
cleavage of FIB-2 at this Haelll site would prevent binding
by nuclear factor I. The 82-bp EcoRI-BamHI fragment
containing FIB-2 was labeled at its 3’ termini with [a-
32P)ANTPs and the large fragment of DNA polymerase I
(Klenow fragment). This labeled fragment was retained by
nuclear factor I in a nitrocellulose filter binding assay (Fig. 4,
lanes 3 and 6). Cleavage of the fragment with Haelll
generated subfragments of 55 and 27 bp (Fig. 4, lane 7).
Neither of these subfragments were retained on nitrocellu-
lose filters by nuclear factor I (Fig. 4, lane 9). Mixing of the
55- and 27-bp fragments with the intact 82-bp fragment did
not inhibit the binding of nuclear factor I to the intact
fragment (Fig. 4, lane 10). Thus, cleavage at the 5’ end of the
second motif (GCCAA) destroyed the ability of FIB-2 to be
bound by nuclear factor I.

To determine the minimal size of duplex DNA required for
binding by nuclear factor I, a novel technique was employed
that took advantage of the fact that nuclear factor I binds
tightly to duplex DNA but poorly to single-stranded DNA
(21). The FIB site on pFIB-3 lies within 150 bp of the end of
the segment of cloned HeLa cell DNA (Fig. 1). To determine
the minimal sequence of duplex DNA required for the
binding of nuclear factor I, a synthetic DNA primer was
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FIG. 6. Effect of dimethyl sulfate on the binding of nuclear factor
I. Parallel experiments were performed in the presence or absence
of dimethyl sulfate to assay the binding of nuclear factor I to an
82-bp EcoRI-BamHl DNA fragment containing FIB-2. Reaction
mixtures (50 nl) contained 50 mM sodium cacodylate buffer (pH
8.1). 5 mM MgCl. 10 pg of bovine serum albumin, 50 mM NaCl,
2P-labeled DNA (2 fmol: 2,000 cpm/fmol). and nuclear factor I (0.1
ng: denatured DNA-cellulose fraction). O, Reaction shifted from 0
to 21°C without the addition of dimethyl sulfate: @, reaction shifted
from 0 to 21°C. followed by the addition of dimethyl sulfate to a final
concentration of 0.5%. The binding of nuclear factor I was assayed
as previously described (21).
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hybridized to EcoRI-digested, heat-denatured pFIB-3 DNA
(32) and was elongated in the presence of a mixture of
deoxy- and dideoxynucleoside triphosphates. The minimum
length of the primer-template that was retained on nitrocel-
lulose filters by nuclear factor I was determined by incubat-
ing the ddNMP chain-terminated primer-template with nu-
clear factor I and performing a standard nitrocellulose filter
binding assay. The DNA selectively retained on the nitro-
cellulose filter in the presence of nuclear factor I (marked S)
was compared with the unselected DNA from the sequenc-
ing reactions (marked U) in Fig. 5. No DNA was retained on
the nitrocellulose filters in the absence of nuclear factor I
(data not shown). In the presence of nuclear factor I, only
those DNA primer-templates elongated to within or past the
consensus sequence shown in Fig. 3 were efficiently retained
on nitrocellulose filters (Fig. 5). The dark band at ca. 119 bp
that is selected by nuclear factor I (Fig. 5, lane C;) represents
a DNA chain elongated to the second cytosine of the second
motif of the consensus sequence (GCCAA). Thus, elonga-
tion of the DNA primer only 3 nucleotides into the second
part of the sequence TGG(N)s,GCCAA was sufficient to
generate a nuclear FIB site from the single-strand DNA
template. This finding suggests that, although nuclear factor
I protects a 25- to 30-bp sequence from DNase I digestion,
only those regions 5’ to and including most of the TGG(N).
7GCCAA consensus sequence are required in a duplex form
for the binding of nuclear factor I. These results confirm
DNA sequencing and restriction endonuclease analysis data
which suggested an essential role for the conserved TGG(N)¢.
7GCCAA DNA sequence in the binding of nuclear factor I.
Methylation protection of FIB sites by nuclear factor I.
Dimethyl sulfate (M, = 126), an alkylating agent that methyl-
ates the N-7 position of guanine and N-1 and N-3 positions of
adenine residues (18), was used to determine regions of close
contact between nuclear factor I and guanine residues of the
82-bp duplex DNA fragment containing FIB-2. Under con-
ditions in which dimethyl sulfate had no effect on the extent
of the binding of nuclear factor I (Fig. 6), nuclear factor I
protected three guanine residues on one strand of the 82-bp
fragment from methylation (Fig. 7). The DNase I-protected
region on this strand of FIB-2 is 26 bases long and contains
seven guanine residues. Because of the labeling protocol,
the sequence shown in Fig. 7 is complementary to the
sequence of FIB-2 given in Fig. 3. The three protected
guanine residues are located entirely within the complement
of the TGG(N)sGCCAA consensus sequence of FIB-2,
suggesting that these nucleotides are critical for the site-spe-
cific binding of nuclear factor I and may represent contact
points between nuclear factor I and DNA. Methylation
protection studies performed with DNA labeled uniquely on
the opposite strand of the 82-bp fragment demonstrated that
only those guanine residues present in the consensus se-
quence on this strand of FIB-2 were protected from methyla-
tion by nuclear factor I (data not shown). Enhanced methyla-
tion of guanine residues in the presence of nuclear factor I
was not observed at any region on either strand of the duplex
DNA fragment containing FIB-2 (data not shown).
Analysis in FIB sites in cellular DNA. To determine the
nature of the cellular DNA surrounding the FIB sites, total
HeLa cell DNA was digested with restriction endonuclease
HindIll and analyzed by Southern hybridization. Because
the pFIB plasmids used as probes contained inserts of 0.8,
3.0, and 2.2 kb (pFIB-1, pFIB-2, and pFIB-3, respectively),
hybridization between conserved regions of limited length,
such as the TGG(N),.,GCCAA consensus sequence, would
not be detected. When HindIII digests of HeLa genomic
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FIG. 7. Nuclear factor I-mediated methylation protection of
FIB-2. Methylation protection of FIB-2 by nuclear factor 1 was
assayed as described in the text with the *P-labeled BamHI-EcoR1
DNA fragment containing FIB-2 and no nuclear factor I (lane 1),
0.02 pg of nuclear factor I (lane 2), 0.1 pg of nuclear factor I (lane 3),
and 0.4 pg of nuclear factor I (lane 4). These amounts of nuclear
factor I resulted in the binding of 0, 16, 36, and 55% of the input
DNA, respectively. Methylated DNA was subjected to guanine
cleavage reactions. The DNA sequence of FIB-2 that is protected
from DNase digestion by nuclear factor I is shown to the right of
lane 4. Due to the labeling procedure, the sequence determined is
the complement of the FIB-2 binding site shown in Fig. 3. The 5’ end
of the sequence is at the top. The sequences complementary to the
left and right motifs of the TGG(N)s.;GCCAA consensus sequence
are boxed, and the guanine residues protected from methylation by
nuclear factor I are indicated by dashed arrows.

DNA and pFIB-1, pFIB-2, and pFIB-3 DNAs were analyzed
on 0.8% agarose gels and probed with nick-translated pFIB-
2, only the 3.0-kb FIB-2 insert, the corresponding 3.0-kb
genomic fragment, and vector sequences were detected (Fig.
8B). Similar Southern analyses with pFIB-1 and pFIB-3 as
probes confirmed that the inserts of these cloned DNAs do
not cross-hybridize and show that each probe detects a
single band in genomic digests corresponding in size to the
cloned DNA fragments (Fig. 8A and C). The higher-molec-
ular-weight bands seen in the genomic digest of HeLa DNA
with pFIB-1 as the probe (Fig. 8A) are most likely due to
partial digestion products and a shadow produced by intense
hybridization of pBR322 vector sequences in adjacent lanes
(Fig. 8D). It is possible, however, that sequences homolo-
gous to the pFIB-1 probe exist in a few copies in the HeLa
cell genome. Quantitation of the amount of hybridization of
probe DNA to the bands in the genomic digests indicates
that the DNA fragments surrounding the sites FIB-1, FIB-2,
and FIB-3 are present at one (or a few) copies per cell.
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FIG. 8. Southern analysis of FIB sites. HindIIl digests of pFIB-
1, pFIB-2, pFIB-3, and HeLa cell DNA (lanes 1 to 4, respectively)
were analyzed on a 0.8% agarose gel and subjected to Southern blot
hybridization. The amount of DNA loaded in each lane was 400 pg
of pFIB-1, pFIB-2, and pFIB-3 and 10 pg of HeLa cell DNA. The
nick-translated 3?P-labeled DNAs used as probes were pFIB-1 (A),
pFIB-2 (B), pFIB-3 (C), and pBR322 (D).

DISCUSSION

Nuclear factor I was initially characterized as a protein
required for the initiation of Ad DNA replication in vitro
(19). It was subsequently demonstrated that this host protein
binds specifically to the replication origin of Ad DNA (21,
23). The results reported here and in other studies (10) have
defined the DNA sequences required for the site-specific
binding of nuclear factor I to DNA. The three cellular FIB
sites described here bind to nuclear factor I with approxi-
mately the same efficiency as does the site located in the
origin of Ad replication (8). Thus, the protein must recognize
some feature or features common to each site. The presence
of the sequence TGG(N)s.,GCCAA in all of the FIB sites
(Fig. 3) suggests an important role for this sequence in the
binding of nuclear factor I.

The consensus sequence presented here differs from those
proposed in previous studies that examined the binding of
DNA fragments by proteins in crude nuclear extracts that
presumably contained nuclear factor I (1, 26). The larger
number of FIB sites examined here suggests that the previ-
ously determined sequences are related to and comprise
subsets of the consensus sequence shown in Fig. 3 and 9.
Since the cloned HeLa FIB sites were selected by tight
binding to nuclear factor I, it is likely that the
TGG(N)s.,GCCAA consensus sequence is closer to the
“‘parental’’ FIB site sequence than those determined by
screening processes.

Results of dimethyl sulfate-mediated methylation protec-
tion studies demonstrated that, of the guanine residues
present in the DNase I-protected region of FIB-2, only those
residues within the TGG(N)¢;GCCAA consensus sequence
are sites of direct apposition between nuclear factor I and
DNA (Fig. 7). However, it is unclear whether this consensus
sequence is the only important component of a FIB site.
Siebenlist et al. (26) and Borgmeyer et al. (1) have examined
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the specific binding of DNA fragments by a protein, pre-
sumed to be nuclear factor I, present in crude extracts of
nuclei of various tissues. The DNA sequences described by
these workers are compared with the Ad and HeLa cell FIB
sites in Fig. 9. The BS1a, BS1b, and BS2 FIB sites are found
in the 5’ flanking region of the chicken lysozyme gene (1) and
contain either perfect or near-perfect copies of the
TGG(N)s.,GCCAA sequence. The c-mycll; and c-mycll,
FIB sites, found upstream of the mRNA start sites of the
human c-myc gene (26), contain a perfect and imperfect
consensus sequence, respectively. The putative c-mycll,
FIB site has two changes from the consensus sequence and
was shown previously to bind only very poorly to proteins in
nuclear extracts that presumably contain nuclear factor I
(26). Surprisingly, the c-mycll; FIB site, which contains a
perfect consensus sequence, binds to nuclear factor I with
ca. 1/10 the affinity of the Ad or HeLa FIB sites (26;
unpublished observations). It is therefore likely that features
of the DNA other than the consensus sequence can affect the
binding of nuclear factor I.

The expected frequency of appearance of a consensus
sequence of this complexity at random in a genome is about
once every 16 kb (1/47; uncorrected for base composition).
This frequency is considerably higher than the previously
determined estimate for the occurrence of FIB sites in the
HeLa cell genome (one every 100 to 200 kb [8]). The latter
estimate was determined from the frequency of recovery of
plasmids containing FIB sites from a library of HeLa cell
DNA fragments. The library had been enriched in FIB sites
by selecting DNA fragments retained on nitrocellulose filters
in the presence of nuclear factor I (8). The lack of agreement
between these two estimates (expected versus measured) is
consistent with our suggestion that features other than the
TGG(N)s.,GCCAA sequence may be important for the bind-
ing of nuclear factor I.

The strongest evidence that the TGG(N)s,;GCCAA se-
quence is not the only requirement for the binding of nuclear

SEQUENCE NAME

1) tatttTGGatt-gaaGCCAAtatga Ad
2) gaaccTE6GgcacagtGCCAAagtty FIB-1
3) aggtcTE6ctt-tgg6CCAAgagcce FIB-2
4) tcctcTEGatt-tgtGCCAAatgtc FIB-3
5) atgccTGGaag-gcaGCCAAatttt c-MYCIIj
6) ctgggT6Gaag-gtaTCCAAtccag c-MYCII,
7) actgcT66cac-tatBCCACggcct BS1b
8) gcagcT66gcagattGCCAAggtta BS2
9) agaacT66caa-gct6TCAAaaaca BSla
A 4231----453-223---9843113
T 222319---23-32511---22442 Frequency
G 22331-992-214318----33212 of Base
[ 13127---3211-2--89-1-1232

T66———-——-- GCCAA CONSENSUS

FIG. 9. Comparison of FIB sites. Confirmed and putative FIB
sites are aligned at the TGG(N),;GCCAA consensus sequence.
Nucleotides present in the highly conserved motifs are shown in
upper case. The Ad FIB site is from Nagata et al. (21). FIB-1, FIB-2,
and FIB-3 are present in the HeLLa genome and are from this study.
Sites c-mycll; and c-mycll; are located 5’ to the mRNA start site of
the human c-myc gene (26). BS1b, BS2, and BSla are located 5' to
the mRNA start site of the chicken lysozyme gene (1). The table
below the sequences shows the frequency of occurrence of each
base (from nine sequences) at every nucleotide within and around
the consensus sequence.
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factor I is the presence of this sequence between nucleotides
294 and 307 of pBR322 DNA (29). Previous studies (8, 23)
demonstrated that pBR322 DNA neither binds to nuclear
factor I nor inhibits the binding of FIB site DNA to the
protein. The consensus sequence present in pBR322 is
TGGGCGGCGGCCAA. One unusual feature of this se-
quence that may disrupt its ability to bind nuclear factor I is
the exclusive presence of G - C base pairs within the central
nonspecific region of the consensus sequence. Mutational
analysis of this region in pBR322 may yield important
information on the structural requirements for a FIB site.

Nagata et al. (21) showed that nuclear factor I bound
poorly to FIB sites that were in a single-stranded form. We
utilized this property in our elongated primer selection
technique to determine the minimal duplex region required
for the binding of nuclear factor 1. These studies suggest that
nuclear factor I can bind to a FIB site even when the last two
A residues of the consensus sequence and the remainder of
the DNase I-protected region are in a single-stranded form.
Thus, the important contacts between nuclear factor I and
the primer strand probably occur 5’ to the final two A
residues of the consensus sequence. One objection to this
technique is that the presence of a single-strand region
adjacent to a binding site may disrupt possible secondary
structures required for binding. The apparently weak bind-
ing of nuclear factor I to some primer-template DNAs
elongated just beyond the consensus sequence (above the
119-bp marker in Fig. 5) may reflect such an inhibition. We
are currently investigating the cause of this apparent weak
binding. Although the applicability of this technique to the
study of other site-specific DNA binding proteins is untes-
ted, its usefulness in determining duplex DNA sequences
required for the binding of nuclear factor I is clear. This
technique might be extended with limited nuclease digestion
(6, 25) to produce single-stranded regions in the complemen-
tary DNA strand and 5’ side of the consensus sequence.
These studies could yield additional information on the
requirements for duplex DNA structure in the binding of
nuclear factor I and possibly other site-specific DNA binding
proteins.

Models for the function of FIB sites in the HeLa genome
must take into account both the abundance of sites (1/100 to
1/200 kb [8]) and their location within nonrepetitive DNA
(Fig. 8). Such models should also consider the only known
role of nuclear factor I, as a protein required for the efficient
initiation of Ad DNA synthesis. The frequency of FIB sites
in the HeLa cell genome is in reasonable agreement with
estimates for the number of origins of DNA replication (13)
or nuclear matrix attachment points (31). However, the
presence of putative low-affinity FIB sites 5’ to the mRNA
start site of the human c-mvyc gene (26) may suggest a role for
nuclear factor I in RNA transcription. The use of well-char-
acterized cloned FIB sites should allow the direct testing of
various models for the function of nuclear factor I and FIB
sites in DNA or RNA metabolism.
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