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ABSTRACT
NF-Y is a sequence-specific DNA-binding protein that interacts with

the conserved Y motif of the major histocompatibility complex class II
gene, E.. Since it is actually a CCAAT box-binding protein, NF-Y also
attaches to other promoters bearing CCAAT sequences; yet, it is neither of
the previously described transcription factors, CBP or CTF/NF-1. In this
report, we document the cell-type distribution and various biochemical
properties of NF-Y. The most important findings are that this protein is
ubiquitously distributed, that it is probably a metallo-protein, that it
has a protease-resistant DNA-binding domain and that the NF-Y/E.-oligo
complex seems extremely large (>200kD). These data should prove useful in
comparisons of NF-Y with other sequence-specific DNA-binding proteins; they
have already provided new insights into NF-Y's structure.

INTRODUCTION
Eukaryotic promoters seem to be modular - each composed of a partic-

ular set of short DNA sequence motifs (for reviews, see 1 and 2). The
various motifs act as binding sites for regulatory proteins, and it is
probably the interaction of these proteins with their target sequences and
with each other that confers promoter specificity (for reviews, see 3 and
4). To understand this interplay, it will first be necessary to identify
and characterize all the relevant proteins.

The detection of sequence-specific DNA-binding proteins has been
rendered almost commonplace by recent technological developments. "Gel
retardation" and "footprinting" assays, in particular, have permitted a
rapid accummulation of data (5,6) ; careful collation of these data has
revealed unexpected subtleties and complexities. For example, a given DNA
sequence motif may be the target of two or three different proteins
(eg. 7-9) ; conversely, a particular protein may recognize several distinct
but related binding sites (eg. 9-11). One transcription factor has even

been shown to bind to two apparently unrelated promoter sequences (12).
Most disconcertingly, independently isolated factors have turned out to be
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the same protein even though they were purified on the basis of separate in
vitro activities, and despite the fact that they recognized motifs whose
similarity was not obvious on first inspection (13,14).

Thus, it will be important to extensively characterize any newly
detected DNA-binding activity, comparing it with already described
proteins, before proceeding with laborious purification procedures. Crite-
ria for comparison should include properties of the binding site, as re-
vealed by DNAse I protection, methylation interference or site-specific
mutagenesis experiments. In addition, some attempt should be made to

characterize the protein biochemically. Distinctive features might
include : sensitivity to various disruptants (temperature, urea, salt,
chelators), protease sensitivity and apparent molecular weight. These
properties should also serve in verifying that any purified factor is
indeed the entity that was detected in the crude extract, a verification
necessitated by the observation that more than one protein can bind to the
same DNA sequence motif.

Herein, we report the cell-type distribution and various biochemical
properties of NF-Y, a protein that binds specifically to the promoter of a
major histocompatibility complex (MHC) class II gene, Ea (9,15). These data
have provided new insights into the structure of NF-Y. We anticipate that

they will also prove useful in comparisons of NF-Y with other sequence-
specific DNA-binding proteins.

MATERIALS AND METHODS
Oligonucleotides :

Double-stranded oligonucleotides (oligos) were prepared as described
previously (9,15). Briefly, complementary strands were synthesized on discs
or on a Gene Assembler (Pharmacia), one strand was [32P] 5'-endlabelled,
the two complementary strands were annealed, and the double-stranded oligos
were gel-purified. The oligos used in this paper were

E 39mer 5' GTCTGAAACATmTCTGATTGGTTAAAAGTTGAGTGCT 3'a
3' CAGACTTTGTAAAAAGACTAACCAAM TCAACTCACGA 5'

E 22mer 5' ATTTmTCTGATTGGTTAAAAGT 3g
3' TAAAAAGACTAMCCAATMTTCA 5'

TK 23mer 5' GCGTCTTGTCATTGGCGAATTCG 3'
3' CGCAGAACAGTAACCGCTTAMGC 5'
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Gel Retardation and Methylation Interference Assays
Nuclear extracts were prepared and gel retardation assays performed as

detailed previously (9,15). In short, a 1 M salt extract of nuclei was
incubated with the [32P]-labelled test oligo and various amounts of
poly[d(I-C)] competitor, the free DNA and DNA:protein complexes were sepa-
rated on a polyacrylamide gel, and the resulting bands were revealed by
autoradiography.

Procedures involved in methylation interference mapping have also been
described (9). Briefly, [32P]-labelled double-stranded oligo was partially
methylated and then incubated with nuclear extract in the presence of
poly[d(I-C)]. Free and protein-bound DNA were separated, extracted, cleaved
with piperidine (A+G) and electrophoresed on a sequencing gel.
Protease treatment :

Binding reactions were set up as usual (9,15). After a 20 min
incubation on ice, various proteases (Proteinase K, Merck; Subtilisin A,
Serva; Bromelain, Biochemical Research; Trypsin Type I, Sigma) were added.
The reaction mixtures were incubated for a further 10 min at room tempe-
rature and then loaded onto a 5% polyacrylamide gel and processed in the
standard fashion (9,15).
Heat treatment :

Nuclei were extracted as usual with 4 volumes of 1M NaCl - 0.5mM
MgCl2 - 0.2mM EDTA - 20mM Hepes (pH7.9) - 25% glycerol -0.5mM dithiothrei-
tol, containing a cocktail of protease inhibitors (9). Undiluted crude
nuclear extract was dispensed into 500 pl Eppendorf tubes (2 pg
protein/pl ; 3 pl/tube). For each point on the temperature curve, an

aliquot was incubated in a water bath for 5 min. Samples were kept on ice
before and after heating, such that all were in the thawed state for the
same length of time. One pl of each aliquot was used in a standard gel
retardation assay.
Treatment with chelators

The various chelators were made 10 mM in binding buffer. 1,10-
(ortho-) phenanthroline (OP ; Sigma) was dissolved in a small volume of hot
water, the solution was further diluted and the pH adjusted to 7.1 and

lastly, the other components of the binding buffer were added. Lomofungin
(Upjohn Co.) was dissolved as described (16). The binding reactions were

conducted in binding buffer + chelator diluted to various degrees with
binding buffer.
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Pore-gradient gel electrophoresis:
Linear 4-10% polyacrylamide gels were poured using a gradient maker.

The buffer was 0.5 X TBE [1 x TBE = 89mM Tris-base (pH8.5) - 89mM Boric
Acid - 2.5mm EDTA] ; the 10% polyacrylamide solution also contained 3%
sucrose. The gels were run 150 V at 40 for 20-24 hrs. Under these condi-
tions, the tracking bromophenol blue migrates off the gel in about 5 hrs.
After the run, the gel was fixed in 3.5% perchloric acid, stained with
Coomassie Brilliant Blue G-250 as described previously (17), dried and
exposed. The molecular weight markers were thyroglobulin (669 kD), 0-galac-
tosidase (520 kD), phosphorylase a (380 kD), catalase (232 kD), bovine
serum albumin (BSA ; 68 kD and multimers) and ovalbumin (43 kD).
Glycerol gradient centrifugation

Before centrifugation, 100 pl (4xlO6cpm) of crude nuclear extract from
35S-methionine labelled LMTK cells was concentrated and fractionated by
ammonium sulfate precipitation. Saturated ammonium sulfate was added to the
extract to a final concentration of 16% saturation, the mixture was incuba-
ted 1 h on ice, and the precipitated proteins pelleted by centrifugation
(15 min in an Eppendorf centrifuge, 11,500 rpm, 4°C). The supernatant was
again mixed with a saturated solution of ammonium sulfate - this time to a
final concentration of 30% saturation - kept on ice for 1 h, and centri-
fuged at 11,500 rpm. This second pellet was suspended in 200 pl of 25 mM
Tris-HCl (pH 7.75) - 1 mM dithiothreitol- 75 mM NaCl - 5% glycerol and
layered onto a linear 10 to 30% glycerol gradient (4 ml) prepared in 50 mM
Tris-HCl (pH 7.75) - 2 mM dithiothreitol - 150 mM NaCl - 0.4 mg/ml BSA
(18). A parallel glycerol gradient was loaded with a mixture of protein
standards : phosphorylase b (94 kO), ovalbumin (43 kD), carbonic anhydrase-
(30 kD), soybean trypsin inhibitor (20 kD), a-lactalbumin (14 kD).

After centrifugation in a Beckman SW60 rotor at 48,000 rpm for 16 h (0°C),
the gradients were collected from the bottom of the tube. 19 fractions

(200 pl) were assayed for DNA-binding activity (to the Ea 39 mer) and were

also analyzed by SDS-polyacrylamide gel electrophoresis (19). The gels were

treated with 2,5-diphenyloxazole (PPO), dried and autoradiographed. The
markers on the parallel gradient were visualized by Serva blue staining
after electrophoresis on a 10% SDS-polyacrylamide gel.

RESULTS AND DISCUSSION
NF-Y is a sequence-specific DNA-binding protein that interacts with

the promoter of the Ea gene, a murine MHC class II locus (9,15). It was
first identified by the gel retardation assay as binding to the Y motif -
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TTCTGATTGGTTAA a sequence conserved amongst all MHC class II genes, and

required for the efficient and accurate initiation of transcription on Ea
in transgenic mice (15). Definitive evidence of this localization has been
provided by deletion mutagenesis, DNase I footprinting, oligonucleotide
binding, methylation interference and site-specific mutagenesis experiments
(9,15). NF-Y is in fact a CCAAT box-binding protein and as such binds to
some, but not all, promoters bearing CCAAT sequences: human a-globin, the
murine sarcoma virus LTR, rat albumin (9 and unpublished results). NF-Y is
not, however, either of the previously characterized CCAAT box-binding
proteins, CBP and CTF/NF-1 (9).

The NF-Y binding site has already been extensively analyzed and com-
pared with that of other previously identified DNA-binding proteins (9). We
have now sought to more completely characterize NF-Y by studying its cell-
type distribution and various biochemical properties.
Cell-type distribution

Ea is subject to elaborate regulation, being transcribed primarily
in macrophages and other antigen presenting cells, B cells, and thymic
epithelial and dendritic cells. In the B lineage, this gene is regulated
according to the state of differentiation: it is expressed in mature B
cells but not in immature preB precursors nor in terminally differentiated
plasma cells. Ea expression is induced in macrophages by 't-interferon and
in B cells by interleukin-4 (for review see 20).

The cell-type distribution of NF-Y was assessed by the gel retardation
assay : a 32P-labelled Ea 39mer was incubated with poly [d(I-C)] and
extracts of nuclei from various cell types, the free and protein-complexed
DNAs were separated on a polyacrylamide gel, and the bands were revealed by
autoradiography. As illustrated in Figure 1A, all cells so far examined
exhibit (NF-Y)-like activity. Included are mouse cells of the lymphoid
lineage, a macrophage line, a fibroblast, an epithelial cell and a

teratocarcinoma (see Figure legend for details). Included are cells which
express the Ea gene (M12, A20, P388-Dl) and cells which do not (70Z3,
BW5147, LMTK, MCA and T-113). (NF-Y)-like activity is not significantly
increased by r interferon treatment of a macrophage line (P388 D1) even

though Ea expression is induced 20-50 fold by this treatment. NF-Y, or a

similar protein, is also detected in a human B lymphoblastoid line, Raji.
With some of the extracts (A20, BW5147, P388-D1), quite prominent

lower bands are observed in Figure 1A, but these probably reflect non-

specific DNA:protein interactions and/or protein degradation. Their presen-
ce is variable for any given cell-type, depending on the particular prepa-
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FIGURE 1: A. Cell-type distribution of NF-Y.
A 32P-labelled Ea 39mer (4000cpm) was mixed with 150 ng of poly

[d(I-C)] and extracts of nuclei from various cell lines. After incubation,
the reaction mixtures were loaded onto a 5% polyacrylamide gel and electro-
phoresed. Bands were revealed by autoradiography. The cell lines were 1,
Raji - a human B lymphoblastoid line ; 2, M12 - a B lymphoma line ; 3,
A20 - a B lymphoma line ; 4, 70Z3 - a pre B cell lymphoma line ; 5,
BW5147 - a thymoma line ; 6 and 7, P388-Di - a macrophage-like line ; 8,
LMTK - a fibroblast ; 9, MCA - an epithelial cell and 10, T-113 - a
teratocarcinoma (21). P388 Dl was treated (7) or not (6) with 50 units/ml
of 'r interferon (Boerhinger Ingleheim) for 24 hrs.

B. Cross-competition experiments using extracts from various
cell types.

Binding reactions were set up as above, or were supplemented with
200 fmoles of unlabelled E. 22mer or TK 23mer as competitor (See Materials
and Methods for sequences.) The cell lines are numbered as in A.

ration ; they are seen with negative control DNAs such as a pBR322 fragment
and an Ea 39 mer that has random sequence replacing the Y-box (15, data not
shown).

Other cell-lines that have been tested and shown to exhibit (NF-Y)-
like activity include : TA3, a B lymphoma-B cell hybrid ; CH27, CH37 and
WEHI 231, all B lymphoma lines ; X-63, a plasmacytoma ; NIH 3T3, a fibro-
blast ; three macrophage hybridomas (+/- 'V interferon) ; and WEHI 3, a cell
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FIGURE 2: A. Heat-sensitivity of NF-Y activity.
S~mal l aliquots of M12 nuclear extract were incubated 5 min at the

indicated temperature, cooled on ice and assayed for binding activity by
the gel retardation assay.

B and C. Salt and urea sensitivity of NF-Y activity.
Reactions were set up as usual, except that the binding buffer was

supplemented with various amounts of NaCl (B) or urea (C). The reaction mix
was electrophoresed, the gel autoradiographed, and the intensity of the
bands representing the NF-Y/Ej-oligo complex quantitated by densitometry.
The 100% value indicates the amount of complex formed under standard condi-
tions, le BOnN1 NaCl, no urea.

Of the macrophage-monocyte l ineage. In addition, nuclear extracts from
fresh mouse tissue - ivrer, spleen, thymus - and even from completely
undifferentiated teratocarcinoma tissue (T-103 ; see 21) proved positive
(data not shown) .

A similar band was observed with all of the extracts, but one can not
assume that this band always reflects binding of the same protein. In fact,
using the same assay conditions, we have detected another protein, NF-Y
that binds to the CCAAT box of the herpes simplex thymidine kinase gene
(tk) to form a complex that comigrates with the NF-Y/Ej-oligo complex (9).
In competition experiments (using an M12 extract), unlabelled TK-oligo
competes ten times less efficiently than unlabelled Ej-ollgo for NF-Y
binding to 32P-labelled Ej-ollgo ; conversely, Ej-ollgo does not compete as
efficiently as TK-oligo for NF-Y binding to the 32P-labelled TK-ollgo. We
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have performed similar cross-competition experiments with a number of

extracts from different cell types (Figure 1B). In all cases, the TK-oligo
was a less effective competitor than the E -oligo, indicating that the

retarded band mainly reflects attachment of NF-Y, not NF-Y
Thus, we find no evidence by this gel retardation assay that the

cell-type distribution of NF-Y activity is correlated with the pattern of

expression of the Ea gene (see above). This appears less surprising in

light of the fact that NF-Y is a CCAAT box-binding protein that is capable

of recognizing the CCAAT sequences of other promoters (9). As far as we
know, our data represent the only extensive characterization of the
cell-type distribution of a CCAAT box-binding protein.
Sensitivity to various disruptants : heat, urea, salt

The heat sensitivity of NF-Y binding activity was determined via the

gel retardation assay. Small aliquots of undiluted crude extract were

heated to various temperatures for 5 minutes and the heat-treated extracts

used in a standard binding reaction. Under these conditions NF-Y activity
persists to 690 (! 3°C) in repeated experiments using M12 extracts (Figure
2A). The abruptness of the active/inactive transition is quite striking.

Diluting the extract in binding buffer before heating markedly reduces
the heat stability. Salt, divalent cations, extraneous DNA, and other

protein could all affect this property so that when comparing the tempera-

ture sensitivity of different DNA-binding proteins, rigorous care must be

taken to standardize conditions.
NF-Y binding is quite resistant to both salt and urea. There is less

than a four-fold reduction in the amount of NF-Y/Ej-oligo complex formed at

an NaCl concentration of 0.5 M or at a urea concentration of 1.8 M, as

compared with the standard conditions of 80 mM NaCl, no urea. (Figure 2 B

and C).
Sensitivity to various chelators - evidence that NF-Y is a metalloprotein

Many of the proteins that catalyze reactions involving nucleic acids
are metallo-enzymes or require metal ions for activity (for review, see

22). Attempts to stimulate NF-Y binding to the E 39mer by adding various
amounts of Ca2l, Mg2l, Mn2l or Zn2 salts were unsuccessful, implying that
NF-Y either does not need these cofactors or that the trace amounts present
in binding buffer or the nuclear extracts suffice for optimum activity. In
order to determine whether metal ions are required for NF-Y activity, we
supplemented the binding buffer with increasing amounts of various metal-

chelating compounds. As can be seen in Fig 3, ortho-phenanthroline (OP)
strongly inhibits the binding reaction when present at mM concentrations.
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FIGURE 3:
Effect of metal chelators on NF-Y.

0 1 2 5 8 mM Standard reactions were set
up with the Ea 39mer, poly[d(I-C)],

A Um :.0RTH0 -PHENANTHROLINE and M12 nuclear extract, except
that the binding buffer was

*B EDTAE supplemented with 0-8 mM ortho-
B _JIPIPEDTA phenanthroline (A), EDTA (B),

8-hydroxyquinoline (C), or
o 8-HYDROXYQUINOUlNE lomofungin (D). The reaction mix

8...DROXYQN NE._was electrophoresed and bands were
revealed by autoradiography. Only

D SSSSl"|||LOMOFUNGIN the bands representing the
NF-Y/Ej-oligo complex are shown.

We found the same degree of inhibition when OP was added to the reaction
mixture at various times (up to 30 min) before the oligo probe, and when it
was added last. In contrast, the other metal chelators EDTA, 8-hydroxy-
quinoline and lomofungin (16) do not affect NF-Y binding in the same

concentration range (Figure 3).
OP is an efficient chelator of Zn2+, Mn2l, Cu2' and Fe ' ions, and

has been frequently used at mM concentrations to demonstrate the presence
of Zn2l in the catalytic center of Zn metallo-enzymes, such as reverse

transcriptase, terminal deoxynucleotidyltransferase, DNA and RNA polymera-
ses, various aminoacyl-tRNA transferases and elongation factor I (see 23

and references therein). We established that the metal-binding properties
of OP are really responsible for its inhibitory effect on NF-Y by conduct-

ing the binding reaction in the simultanuous presence of OP and a 1.5-fold
molar excess of Zn2+ ; under these conditions the OP inhibition is

partially relieved (not shown). Because metal/chelator complexes can

exhibit nuclease activity (24), we evaluated the integrity of the oligonu-
cleotide probe after incubation in OP-containing buffer by running it on a

denaturing polyacrylamide gel ; no deleterious effect was observed (not
shown).

Since the other chelators used in this study have affinities for metal
ions that overlap those of OP (25,26), we do not believe that OP simply
acts by complexing free metal ions required for the binding reaction.
Rather, we hypothesize that OP by virtue of its specific chemical structure

is able to interact with metal ions as they are complexed internally within
NF-Y. Perhaps the unique configuration of heterocyclic nitrogen atoms in

OP, as opposed to EDTA, lomofungin and 8-hydroxyquinoline which chelate by

7273



Nucleic Acids Research

means of hydroxyl groups, enables the former to interact with metal ions
complexed by cysteine and histidine residues within the metallo-proteins.
OP may either leach the ions out of the metallo-protein or form a ternary
complex with it, in either case abrogating its binding to the target
sequence. The mechanism we hypothesize has already been documented in the
case of OP inhibition of E.coli RNA-polymerase, which contains tightly
associated Zn2+ ions (27).

Although we cannot conclude from our data which metal is contained in
NF-Y, it is tempting to speculate that this protein contains one or several
Zn2+-complexing, DNA-binding "fingers" as has been proposed for the trans-

cription factor TF IIIA (28), which is also OP-sensitive (29). The observa-
tion that metal-binding motifs are found in an increasing number of factors
involved in transcriptional control (eg proteins involved in developmental
(30) and hormone-regulated events (31)), suggests that "finger" proteins
may be widespread amongst sequence-specific DNA-binding proteins.
Protease sensitivity - evidence for a DNA-binding domain

Many sequence-specific DNA-binding proteins have a structurally
distinct DNA-binding domain. These include prokaryotic (32-35), yeast
(36-38), and higher eukaryotic (39-42) transcription factors. The DNA-
binding domain was traditionally identified as a protease-resistant "core"
polypeptide, but more recently, it has been demonstrated by deletion
mutagenesis and X-ray crystallography experiments.

In order to determine whether NF-Y has a protease-resistant DNA-bin-
ding domain, we incubated the Ea 39mer with poly [d(I-C)] and crude nuclear
extract under standard conditions, treated the binding mixture with
increasing amounts of protease and ran the digested material on a polyacry-
lamide gel. As illustrated in figure 4A, treatment of the NF-Y/Ea-oligo
complex with progressively higher concentrations of proteinase K reveals a

resistant DNA-bound "core". The transition from the intact complex to the
more rapidly migrating form is quite abrupt, occuring over a three- to ten-
fold concentration range. The limit digest is remarkably stable, persisting
over a wide range of proteinase K concentrations.

The similar intensity of the bands from digested and undigested
material suggests that the resistant "core" does actually derive from the

NF-Y/Ea-oligo complex. To establish this point, the proteolysis experiment
was conducted using methylated DNA. After electrophoresis of the binding
mixture, the DNAs in the NF-Y band and in the protease-resistent "core"
band were extracted, cleaved and displayed on a sequencing gel. The methy-
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FIGURE 4: A-C. Protease sensitivity of the NF-Y/Ea-oligo complex.
Reactions were set up as usual with the E 39mer, 400ng poly
[d(I-C)] and LMTK nuclear extract. The reaction mix was incubated at

0°C for 20 min and then proteinase K (A), bromelain (B), or trypsin (C) was
added. Proteinase K and trypsin were at 0, 0.3, 1, 3,10, 30, 100, 300 or
10OOng ; bromelain was at 0, 0.1, 0.3, 1, 5, 10, 30, 100 or 300ng.

D. Methylation interference mapping of the intact NF-Y/
E -oligo complex and the protease-resistant "core" complex.

The coding strand of the Ea 39mer was 5' end-labelled and annealed
with its complement. The double-stranded oligo was partially methylated and
then introduced into the standard binding reaction along with poly(d(I-C)]
and M12 nuclear extract. Half the material was further incubated with 32ng
of proteinase K ; the other half was left undigested. The reaction mixtures
were run on a polyacrylamide gel. Free DNA, DNA from the intact
NF-Y/E.-oligo complex, and DNA from the protease-resistant "core" complex
was extracted, concentrated, cleaved by piperidine and run on a sequencing
gel. B = protein-bound DNA ; F = free DNA ; the "A+G" lane shows the
cleavage pattern of the E 39mer treated with piperidine (A+G specific
cleavage). The arrows indicate bases whose methylation inhibits NF-Y
binding.

lation interference patterns shown in Figure 4D are identical, indicating

that the lower band is indeed derived from the upper.

When the binding mixture is treated with bromelain or subtilisin,
other endopeptidases of broad specificity, a limit digest similar to that

seen with proteinase K can be observed (Figure 4B and data not shown).

Trypsin, a serine protease of narrow specificity, also generates the

resistant "core" complex (Figure 4C). Digestion of the NF-Y/Ej-oligo
complex with trypsin at intermediate concentrations gives a clearer picture
of the partial digestion products than does treatment with the other three

proteases.

If the nuclear extract is treated with protease before conducting the

binding reaction, we observe no complex formation on the Em/39mer (data not
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shown). This might indicate that the DNA itself has a protective effect,
perhaps imposing on NF-Y a more defined, more stable domain structure. Such
behaviour appears to contrast with that of certain of the aforementioned
transcription factors (32,33,41) ; in these cases, digestion of the puri-
fied, uncomplexed protein yields a resistant "core" that will subsequently
bind to the target sequence. However, the binding efficiency can be signi-
ficently reduced (100x in the case of XC1 repressor - 32) so that it may
only be possible to detect "core" binding with a purified protein that can

be added at high concentrations.
The very similar patterns obtained with the different proteases

(Figure 4A-C) suggest that there is a protease "hot spot(s)" somewhere on

NF-Y. This might correspond to a flexible "hinge" between the domain
involved in DNA-binding and another perhaps responsible for protein:protein
interactions. Such a structure is known to exist in certain prokaryotic
transcription factors, eg the XC1 repressor and lex A (32,33). It has been
hypothesized that the "hinge" plays an important role in the regulation of
transcription by these two factors, in particular as a target for proteases
in the SOS reaction (43). Alternatively, NF-Y could consist of several
different polypeptides; the limit digest would then represent the protease
resistant DNA-binding chain.
Molecular Weight Determination

Three methods have been employed to estimate the molecular weight of
NF-Y : pore-gradient gel electrophoresis, Ferguson plot analysis and gly-
cerol gradient centrifugation.
- Pore-gradient gel electrophoresis.

This technique involves electrophoresing the proteins on non-dena-
turing polyacrylamide gels of graded porosity ; each protein migrates until
it reaches its "pore size limit", which is size-dependent (44). Such a
method has been used successfully to predict the molecular weight of TUF, a
yeast transcription factor (37).

The NF-Y/E -oligo complex was formed under standard conditions, and
then loaded onto a polyacrylamide gradient gel. Since preliminary expe-
riments indicated that the complex is probably very large (making this
approach especially suitable - 44) we chose a linear 4-10% polyacrylamide
gel in 0.5 x TBE. After fixation, staining and drying of the gel the
position of the complex was located by autoradiography (Figure 5A, lane 1).
By comparing its migration with the migration of proteins of known size,
including the multimeric BSA "ladder" which forms spontaneously in TBE
(44), the molecular weight of the NF-Y/E. -oligo complex was estimated as
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FIGURE 5: Size estimate by pore-gradient gel electrophoresis
A. The polyacrylamide gradient gel. (1) A binding reaction was set

up as usual with the 32P-labelled E. 39mer, poly[d(I-C)], and M12 nuclear
extract. After incubation, the mix was run on a 4-10% polyacrylamide gel.
(2) The same, except that before loading the gel, the reaction mix was
treated with 300ng proteinase K. To the right of the gel are indicated the
positions of marker proteins (see Materials and Methods for details) run on
the same gel.

B. Plot of log molecular weight versus migration. The line derives
from plotting values for the marker proteins indicated in panel A.
(1) The intact NF-Y/Ej-oligo complex. (2) The protease-resistant core.

about 270 kD (Figure 5). The contribution of the labelled Ea 39mer is

probably minor because the complex formed with an E. 22mer migrates only

slightly faster.
- Ferguson plot analysis.

A method purported to surmount the influence of charge on the migra-
tion of proteins is Ferguson plot analysis. Proteins are electrophoresed on

several gels of differing polyacrylamide concentration. For a given
protein, the logarithm of relative electrophoretic mobility (log Rf.) is

plotted against the percentage acrylamide ; the slope of the resulting line

is size-dependent (45). NF-Y was bound to the labelled E. 39mer under

standard conditions. The reaction mix and a set of marker proteins were

electrophoresed on gels containing 4, 5, 6 and 7% acrylamide. For each

marker protein, the log Rf was plotted against the acrylamide concentra-

tion ; the slope of each line was then plotted against the marker protein's
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FIGURE 6:
Size estimate by Ferguson plot
analysis

The NF-Y/Ea 39mer complex
was electrophoresed on 4, 5, 6 and
7% acrylamide gels, together with a
set of size markers. For each
protein, the log of the migration
with respect to bromophenol blue
(log Rf) was plotted against the
percentage acrylamide. The slope of
each line was in turn plotted
against the molecular weight of the
proteins. The position of the
NF-Y/E.-oligo complex is indicated
by the arrows. The range is due to
uncertainty in drawing a straight
line through the points of the log

400 S00 Rf versus % acrylamide plots. Only
the linear part of the gel was
considered.

molecular weight (Figure 6). The position of the point representing the

NF-Y/Ea-oligo complex on this standard curve prompts us to estimate its
molecular weight as 250-300 kO. Again, the Ea 39mer should make only a

minor contribution to this value.
- Glycerol gradient centrifugation.

Finally, the molecular weight of NF-Y was estimated from its sedimen-
tation rate through a glycerol gradient. 35S-methionine labelled nuclear
extract was concentrated and then loaded onto a 10-30 % gradient. Fractions
were collected and an aliquot of each was assayed for NF-Y activity using
the standard gel retardation assay. Another aliquot was loaded onto an

SOS-polyacrylamide gel to give some idea of the range of molecular weights
included in each fraction. A set of marker proteins was run on a parallel
gradient and aliquots of fractions from this gradient were also electropho-
resed on an SOS-polyacrylamide gel. As figure 7A illustrates, NF-Y was
located primarily in fractions 12-15, peaking in fraction 13. The 43 kO
molecular weight marker (ovalbumin) peaked in fractions 15 and 16 and the
94 kD marker (phosphorylase b) in fractions 8 and 9, suggesting that NF-Y
is in the 50-70 kD size range. The profile of 35S-labelled proteins from
fractions 12-15 is consistent with this value (Figure 7B).

This result seems to contradict the molecular weight estimates derived
from the other two methods, both of which give a value >250 kD. There are
several possible explanations for this discrepancy:

1) An assumption made in all the size determinations is that NF-Y has
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FIGURE 7 : gize estimate by glycerol gradient centrifugation
An3 S-methionine labelled nuclear extract from LMTK cells was

centrifuged on a glycerol gradient. 19 fractions were collected and
aliquots of each (A) tested for NF-Y activity in a standard gel retardation
assay using the Ea 39mer or (B) run on an SDS-polyacrylamide gel. Above
panel A are indicated the locations of size markers run on a parallel
glycerol gradient (see Matprials and Methods for details). Lane M of panel
B shows the positions of C-labelled size markers (BRL) ; adjacent to lane
M are the relevant molecular weights.

the same conformation as the proteins used as size markers (which are

globular) ; any deviation from this ideal could influence differentially
the values derived using the different methods. We do not favor this

explanation because of the magnitude of the discrepancy.
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2) Both gel electrophoresis methods relied on migration of the

NF-Y/Ea oligo complex. It is possible that the conformation of NF-Y is
greatly altered when bound to its target sequence. Alternatively, the oligo
could assume a conformation (eg by bending - 46,47) that influences the
migration of the complex. Concerning this possibility, we point out that
glycerol gradient centrifugation of the preformed NF-Y/E -oligo complex
also led to a size estimate of 50-70 kD (not shown).

3) The NF-Y/E -oligo complex may actually consist of several polypep-
tides. In glycerol gradients, the various components would sediment inde-
pendently, and we may detect NF-Y activity in those fractions where the
components happen to overlap. In polyacrylamide gels, the NF-Y/Ea-oligo
complex may be stabilized by the "cage effect" (5), which would enable it
to survive its half-life in solution many times over. The complex might not
resist long periods (16 h) in dilute solution, so that the molecular weight
value determined from gradient centrifugation of the preformed complex
would be a compromise between the sedimentation rates of the intact complex
and its components.

That glycerol gradient centrifugation leads to a spurious estimate
of NF-Y's molecular weight is supported by size determinations on the
protease-resistant "core" complex. A value of approximately 50-70 kD resul-
ted from experiments employing both pore-gradient gel electrophoresis
(Figure 5A, lane 2) and glycerol gradient centrifugation (not shown). Since
the intact complex is obviously larger than the protease-resistant "core",
we favor the interpretation that the correct molecular weight estimate for
the NF-Y/Ejoligo complex is 250-300 kD.
Conclusions

We have further characterized the NF-Y protein in order to provide a

basis for comparing it with previously described and to-be-described
DNA-binding proteins. The most striking properties revealed by this set of
experiments are that :

- NF-Y has a ubiquitous cell-type distribution.
- NF-Y is probably a metallo-protein.
- NF-Y has a protease-resistant DNA-binding domain.
- The NF-Y/E -oligo complex seems very large, and may be composed of

multiple proteins.
These properties have provided new insights into the structure of NF-Y. In
addition, they should prove useful in comparative studies and in attempts
to verify the identify of purified preparations of NF-Y.
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