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NF-Y is a highly conserved transcription factor 
which recognizes CCAAT motifs in a variety of genes. 
We report here the genomic organization of the genes 
encoding both subunits, which gives interesting clues 
about the functional organization of the proteins. We 
also report the existence of isoforms of NF-YA which 
result from differential splicing. These alternative 
splicing events map within a glutamine-rich activation 
domain  and show a  marked cell- and tissue-specific 
bias. 

NF-Y is a eukaryotic transcription factor that binds with 
high specificity to CCAAT motifs in  the promoter regions of 
genes transcribed by RNA polymerase II(B).  Its characteristic 

binding site (typically 5jAACCAATCAG . . . 3‘) is found in 

direct or inverted orientation  in the 5’ promoter region of a 
wide variety of genes: e.g. the albumin, a-globin, @-actin, a- 
collagen, or histone genes and  the class I1  genes of the major 
histocompatibility complex (MHC)’ (Barberis et al., 1987; 
Dorn et al., 1987; Dutta et al., 1990; Hatamochi et al., 1988; 
Knight et al., 1987; Quitschke et al., 1989; Raymondjean et 
al., 1988; van Wijnen et al., 1988; Wuarin et al., 1990). It is 
certainly identical to  CP1 (Chodosh et al., 1988a) and CBF, 
the  latter shown  by  de  Combrugghe’s group to be  involved in 
transcriptional  initiation of a-collagen genes (Maity et al., 
1988); NF-Y also probably corresponds to a number of less 
characterized CCAAT binding factors (for references, see 
Hooft van Huijsduijnen et al., 1990). In keeping with its 
widespread influence, NF-Y is a ubiquitous factor, present in 
all cell types tested, including undifferentiated teratocarci- 
nomas (Hooft van Huijsduijnen et al., 1987). 
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NF-Y is composed of two subunits (referred to as NF-YA 
and  NF-YB),  both of which are required for DNA binding 
(Chodosh et al., 1988a; Hatamochi et al., 1988; Hooft van 
Huijsduijnen et al., 1990). We have recently cloned the cDNAs 
coding for both  subunits in the mouse (Hooft van Huijsdu- 
ijnen et al., 1990). Vuorio et al. (1990) and Maity et al. (1990) 
also reported the cloning of the  rat NF-Y and Becker et al. 
(1991) cloned a  portion of human NF-YA  by complementation 
in yeast. Sequence analysis of the clones confirmed the sus- 
pected analogy, suggested by Chodosh et al. (1988b), between 
the NF-Y subunits  and the transcription factors HAP2 and 
HAP3 from Saccharomyces cereuisiae: highly conserved do- 
mains (-70%  homology)  were shared between  NF-YA and 
HAP2 and between NF-YB and HAPS. 

In the course of analyzing our cDNA clones, we noticed the 
existence of several different types of NF-YA  cDNAs. To 
understand how these isoforms arise and  to explore the pos- 
sibility of NF-YB isoforms, we have analyzed genomic clones 
for both  subunits. We now demonstrate that  the NF-YA 
isoforms result from differential splicing; interestingly, one of 
the differential splicing events shows a  strong tissue-specific 
bias. We have  followed several approaches to establish the 
functional characteristics of these various isoforms. 

MATERIALS AND  METHODS 

PCR  Amplijication and Library Screening-Poly(A+) RNA  was 
prepared from a variety of cell lines or  mouse tissues, essentially as 
described (Koch et al., 1989). The RNA  was reverse-transcribed and 
amplified by PCR under standard conditions, using primers mapping 
just outside the NF-YA coding sequences (5”CTAGGAATTCA- 
GATCTGTAGAGTGAAGCTTCAGG-3’) and 5”CTAGGAATT- 
CAGATCTCCCCACTGAAGTCAGTCC-3’) and incorporating arti- 
ficial cloning sites. PCR products were cut with EcoRI and cloned 
into pBluescript (Stratagene, La Jolla, CA). cDNA and genomic h 
libraries were screened according to standard protocols, using cDNA 
fragments from clones YA-EM13 and YB-EM38 (Hooft van Huijsdu- 
ijnen et al., 1990). 

SI Nuclease Mapping-Relative amounts of short  and long  form 
NF-YA mRNA were determined by quantitative S1 nuclease analysis, 
performed as described (Koch et al., 1989). The probe was a single- 
stranded complementary DNA fragment from long  form NF-YA, 5’ 
end-labeled (at position 235) and extending across the variable ele- 
ment and  into  the plasmid vector sequences. 

Western  Blots-Crude nuclear extracts (50 pg)  were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and  the 
proteins electrophoretically transferred to nitrocellulose. The filters 
were probed with an affinity purified antiserum raised against the C- 
terminal peptide of NF-YA, as described.’ 

Retardation Assays-Standard or pore-gradient gel retardation  as- 
says were performed as previously described, with a 22-mer ds- 
oligonucleotide encompassing the Y box  of the  Ea promoter (Hooft 
van Huijsduijnen et al., 1987; Dorn et al., 1987). 

U. Pessara,  submitted for publication. 
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A. ALTERNATIVE  SEQUENCES  BETWEEN  POSITIONS 25 AND 54 
21 

Q I Q Q Q Q G G V T A V Q L Q T E A Q V A S A S G Q Q V Q T L Q V V Q G Q P L H V  
zi‘ 3 4  Y C M  

CAGATTCAGCAGCAGCAGGGTGGTGTCACTGCTGTCCAGCTGCAGACTGAGGCCCAGGTGGCATCCGCCTCAGGCCAGCAAGTCCAGACCCTCCAGGTAGTCCAGGGGCAGCCGTT~TGGTG “X-1 CE27-1 
L ” K - 2  
LMTK-3 
LHTX-4 

Form 

P I Q Q Q Q G G V T A V Q L Q T E A Q V A S A S G Q O V Q T L Q  V Q G Q P L M V  
M T K - 5  

CAGATTCAGCAGCAGCAGGGTGGTGTCACTGCTGTCCAGCTGCAGACTGAGGCCCAGGTGGCATCCGCCTCAGGCCAGCAAGTCCAGACCCTCCAG ... GTCCAGGGGCAGCCGTTAATGGAG Pa-9 

Q I Q Q Q  
CAGATTCAGCAGCAG .................................................................................... GTCCAGGGGCAGCCGTTAATGGAG 

V Q G Q P L M V  

Short 
Form [ CE27-2  W22-1  M12-A  EM-1 

W22-2 M12-B 
W22-3  M12-C 

M12-D 

B. ALTERNATIVE SEQUENCES  BETWEEN  POSITIONS 181 AND 188 
176 181 193 CLONES 

IT8 I 
G T I L Q Q V T V P V S G M I T I P  

Long Form 
GGCACRATTCTCCAGCAAGTTACAGTCCCTGTTTCAGGCATGATCACCATCCCA LEITK-1 CE27-1  W22-1  M12-A EM-] 

LMTK-3  W22-2 2412-B 
M12-C 
M12-D 

G T I L Q Q  G M I T I F  

Short  Form 
GGCACAATTCTCCAGCAAG .GCATGATCACCATCCCA LMTK-2 

LMTK-4 
LMTK-5 

W22-3 EM-N 

FIG. 1. Sequence variations in murine NF-YA clones. Sixteen  cDNA  clones were isolated by cDNA library 
screening  or by PCR amplification from  poly(A+)  RNA.  RNAs for amplification or cDNA library  construction 
were isolated from  MHC  class 11-positive B lymphomas ( M I 2  and CH27) or from class 11-negative cells: fibroblasts 
(LMTK) ,  the  WEHI-22 T lymphoma (W22), or the P8 pre-B cell line.  Clones EM-1  and  EM-N were isolated  from 
a  library  made with A+ RNA from whole mouse embryos at 10 days of gestation. A, sequence  between amino acid 
positions 21 and 61. The numbering refers to  the full long  form  sequence  (see Fig. 3)  and  is  thus  different from 
our earlier  numbering  (Hooft  van  Huijsduijnen  et  al., 1990). The identity of the  cDNA clones carrying  each form 
is shown on  the right, grouped  according to  cell type. B, sequence  between amino  acid  positions 177 and 193. 

In Vitro Translation-Recombinant NF-Y  subunits were synthe- 
sized in a wheat germ  cell-free translation  system  and  the  products 
tested  in a gel retardation  assay, as described (Hooft  van  Huijsdu- 
ijnen, 1990). 

Transfections and CAT Assays-The construction of the  vectors 
containing GAL4-NF-YA fusions will be described elsewherc3 Cells 
were transfected  with 1 pg of reporter  plasmid  M,TATA-CAT  (a gift 
from L. Tora, see Webster  et  al., 1988 and  the legend to Fig. 6)  and 2 
pg of activator  test plasmid;  2 pg of PM(3GAL (a gift from A. Weisz 
of this  Institute), a @-Gal expression  vector, was also  included as  an 
internal  standard. A standard calcium phosphate  coprecipitation 
method was used (see Koch et  al., 1989). Extract  preparations were 
performed according to a standard protocol (Webster et al., 1988 and 
references therein). (3-Gal activity was measured as described by 
Webster  et al. (1988) and used to  determine  the  amount of extract  to 
be used in  the  CAT assays. 

RESULTS  AND  DISCUSSION 

Isoforms of NF-Y-The ubiquitous  nature of NF-Y,  as 
judged  from gel retardation assays, contrasts  with  the  marked 
tissue specificity of the genes whose transcription  it  regulates 
(e.g. albumin or class I1 genes of the  MHC).  To  ascertain 
whether  minor sequence variations of NF-Y could correlate 
with  this specificity, we isolated by direct  library  screening or 
by PCR amplification  a  large number of cDNA clones for 
both  subunits of NF-Y, clones  derived from  either  MHC class 
11-positive or -negative cell types. For NF-YB, the coding 
sequences were identical  in  all clones  sequenced. For NF-YA, 
we detected several different isoforms, with differences  in  two 
areas of the  protein (Fig. 1). Between positions 25 and 54, 
three  different  forms exist. One  type of clone, the “long form,” 
carries  the full complement of sequence. In several other 
clones, 84  nucleotides are missing; the  reading  frame  is  main- 
tained, so that  the  protein encoded by “short  form”  mRNAs 
is  shorter by 28 amino acids. In a third  variant,  found only 
once, a 3-base  deletion removes a single amino acid from  the 
long form. 

:’ R.  Mantovani,  manuscript  in  preparation. 

We also found two  sequence variants between  positions 181 
and 188, differing by the  presence  or absence of an 18-base 
pair  stretch.  For individual  clones, there was no  correlation 
between the sequence type at the two  variable stretches: 
clones with  the full  sequence  between positions 25 and 54 
split evenly into  the two  sequence  groups  for  positions 181- 
188, as  did clones  with the  abbreviated 25-54 sequence. 

NF-Y Genomic Structure-The  positions of the  variant 
sequences in NF-YA  cDNA  clones  strongly  implied that  al- 
ternative splicing is involved in their generation. To establish 
this  point, we decided to investigate the  intron-exon  structure 
of the gene encoding the NF-YA subunit; for  completeness, 
we also studied  the  structure of the  NF-YB gene. Several 
clones were obtained by screening genomic DNA  libraries 
carried in X vectors. For NF-YA, we isolated  two  overlapping 
clones  from  a  mouse library  in XEMBL12; for NF-YB, a 
fragment was isolated  from a X-607 library of mouse DNA. 
Several  XbaI subfragments of the NF-YA  clones  hybridizing 
to  the cDNA  probe were subcloned into  pBluescript  and  these 
subclones  sequenced  directly,  using specific primers derived 
from the cloned cDNA sequences. We  thus  obtained  the 
sequence of all  the  intron-exon  junctions.  The  results  are 
shown in Fig. 2, and  the  borders of the individual exons  are 
shown on  the cDNA  sequences of Fig. 3. 

The NF-YA protein-coding sequences  derive  from nine 
exons; these  are  all  contained  within four  XbaI fragments, 
together  encompassing  13 kilobase pairs. Yet another exon 
(at least)  must encode the  remainder of the  5”untranslated 
sequence. For  NF-YB, a t  least five exons could be identified; 
the genomic clones we obtained  did  not  contain  the sequences 
coding  for the  first 33 amino acids, which could theoretically 
be  split  further. 

The  data  confirm  that  alternative splicing is operating  to 
generate  the isoforms of NF-YA. Variations between  positions 
25 and 54 are  due  to  the  facultative use of exon B. The  short 
form is thus due to a  splicing event  that bypasses  exon B. 
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E4.5 

acidic Q rich HAP3 
homology 

B. ( E A )  
GtGCCTTTACTGATTGACTCATTTTAGGTTTTTTCCTTCCCTTTTTATTAG GAGTCCCTAC---EXON A---GCAGCAGCAG GTATGGGAGCAAGTGTGCTTTGACTATCACAATACX~C*GT=~T=GA=*==TCTGTG-GG 

A G T G A T C T G ~ T C T T G G G C T G T A T A T T T C L U T C C T G  CAGGGTGGTG---EXON 8---GACCCTCCAG GTA GTGGTAGCCCI.CTCTGATTCCCTGTGA~=*CTCGA=LACATGCCT~C~GTCGTGTTTGTGTTTGGATCTC~TT 

GGT~AGCTGCTTGTGTCTWLUCTAT~CATTGTTIiTTTTATTTCI.T~TAG CTCCAGGGGC---EXON C-"TTTACAGCAG GTGRGCGGTGTTTT~GTATTTAGGTTGTATGTCAGAGTAG 

GAGTGGTGTCAGTCTGGTGCCAAGCTGTTTGTGT&TTCTCTTCCACAG ATACAGTTGG"-WON D"-CCAGACTCAG GTGAGTCCCCI.CCTCCTCTGTCATCAGGGACAC~CCGAC=TG'TTCACATGGG 

ATATGTCATTGTTTTCTIICI\G ACACAACAAC---WON E"-CTCCAGCAAG GT~AGCTGCCGCTATTGCAGTGGCCCTTTTTAGGGCAT~AGT~~AAGCCTTTGAGTACC 

T T T T A T T T T G T T T T G T I T T G T T T T T G T ~ T A T G T T T T D G  TTACAGTCCCTGTTTCAG GCATGATCC"-EXON F-"AATGGTCATG GTAAGGliiiiiGTCTCCCTG~CTGGAGCTTCCTGTGGGGTTCTCTTGTC 

ACTGCCACTAATAAGGTCTGGTCTCCTGTTCATCXAG ITGGTACCAG"-EXON G"-GGAACWGG  G?A~\CGTGTGCCCTGGGGAGTGCTLAGCAGGLAGCAGTCXAGTTCTGCATC~ 

GCTTGATATC-TTCCTCCliGCCCGGGGGATCCACTAGTTCTAG LMTACCTCC"-EXON H-"TCACATGCAG GTLAGGACATTGCATCATCTTTCTCTGTTGCCGCCCTTCTCCATCAACAA 

C C T A A = T G T T G I T G T l i i i i i G G A T G T T G T G C T G T = T ~ ~ ~ ~ = ~ ~ ~ * ~  GATCCliiiiiCC"-EXON I------------------------------ 

(NF-YB) 
AAGTGCTCTTAACCAGCTCGCCATCTCTCCAAGCCCCT~CCTLATTCTT~CTTTCTTT*= ATACTGAGGA---EXON B---AACGGAUG C T A A T G T I \ G I I G G I \ G A C T T T G I \ C T G G C T T T T C T T T  

I \ R T G G G C G C G C T C T G T G T G G C T C I . T ~ T T T T T G C A G C T G T T L A ~ G T ~ T A C T T A C A G C ~ C T T ? ~ ~ ~ ~ ~ ~ ~  ATCGCRRIAG---EXON C---GTTCAGAGAG G T I G G I G I \ C I C T T I \ C G G T ~ ~ ~ ~ A A ~ ~ ~ ~ ~ = ~ ~ ~ ~ ~ = ~ C A ? ~ ~ T T T G C G C X A G G T A A C A T T T C C G G T A G = A G  

A A T T T T G G A C A T T A C A T G A G L U T T C T C A T T T A ~ T A G ~ T G A T A T W T A G C T T T T C T T ~ A T T ~ ~ ~ ~ ~ ~  GCCATGRhRG---EXON D---TTACCXKAG GTiiTGGTGGGTGCCGCCTCTGCliTTTCRRllAGTCGATTCACTGACTATTTTAATCACCCATACTC 

G T T C C C T G C r r T G G C C T G T T T G G T G T T G T C T U \ C I \ T R I U \ A G  ATTTCTGGTC---EXON E----------------------------- 

FIG. 2. Genomic structure of NF-Y subunit genes. A,  individual exons  are  drawn  to scale, shaded according 
to  their  amino acid  composition or  to  their homology to  yeast  protein.  Introns  are  not  drawn  to scale. The map 
does not  extend  to  the 5'- and  3"untranslated regions but focuses on  the  protein coding  exons. Horizontal  arrows 
deliminate  the individual XbaI or EcoRI genomic fragments.  Numbering refers to  the  amino  acid  positions  on  the 
longest protein isoform (see Fig. 3). E ,  nucleotide  sequence at  the  intron-exon  borders.  The exon  sequences are 
underlined  (double-underlined to  indicate  alternative splicing pathways). 

When exon B is used, the most frequently used  splice donor 
at position 53 can also be replaced by an  alternative  donor at 
position 52, thus  generating  the sequence seen  in clone p8-9 
(Fig. LA). The  different isoforms  between positions 181 and 
188 result from alternative splice acceptor  sites, at  positions 
182  or 188. 

As usual, the  positions of the  introns  in  the  NF-Y genes 
delineate  clear  protein  structural  domains,  each exon encod- 
ing a protein  segment of characteristic  amino acid  composi- 
tion. In NF-YA, exon B constitutes  the  bulk of the  first 
glutamine-rich  domain,  although  this does continue  into exon 
C .  The  latter does not have quite as high  a  frequency of 
glutamine residues, but  is  nevertheless  marked by a  high 
frequency of hybrophobics and a  complete absence of charged 
residues. Exons D and E code for typical Q-rich domains, as 
found for example in  the SP1 or  Oct  transcription  factors 

(Kadonaga et al., 1987; Wirth  et al., 1990 and references 
therein): high glutamine  content (38 and 31%, respectively), 
virtually no  charged  amino acids. Glutamines  are  absent  from 
the sequence of exon F, which has  instead a  high  frequency 
of Ser  and  Thr residues, but  still  no charges. 

We were initially  surprised  to  find  that  the sequences  coding 
for the  HAP2 homology domain  are  split  into two exons at  
position 295. But  this  observation made  more sense  in view 
of the  results of Olesen and  Guarente (1990),  analyzing the 
effect of HAP2  point  mutations  and  truncations  on  subunit 
interaction  and  DNA  binding activity. These  authors showed 
that  the  segment of S. cerevisiae HAP2 with  high homology 
to  the  HAP2  protein of Saccharomyces  pombe or  to NF-YA 
was responsible  for subunit  interaction  and  DNA binding, but 
that  these two functions were spatially  segretated. As indi- 
cated  in Fig. 3C, the  intron  in  murine NF-YA  falls within  the 



FIG. 3. NF-YA a n d  NF-YB sequences. A and R, the  horders hetween exons are shown  on the cDNA 
sequences of the  protein coding  regions of NF-YA and  NF-YR.  The longest isoform is shown for NF-YA.  The 
"yeast homology" domain is boxed. C and D, exon  breakpoints  within  the "homology domains" of NF-YA and NF- 
YB. The sequence of the  murine  subunits  is  shown  under arrows defining  the exon boundaries.  The degree of 
sequence  conservation  was  evaluated by comparing  sequences from mouse, S. cereuisina, and S. pombr (for NF- 
YA) and mouse, S. cereukiae, and maize (for NF-YB;  sequences  taken from the following references (Hecker vf al., 
1991; Hahn  and  Guarente, 1988; Hooft  van  Huijsduijnen  et al., 1990). An X denotes  an  amino acid present in all 
three  sequences  compared,  whereas a dot  indicates  identity in two of three sequences. The  boundaries of the yeast 
functional regions of HAP2,  determined by Olesen and  Guarante  (1990), are indicated below. The uaLy line 
between the arrows denotes  the  uncertainty of the  border hetween the  functional regions. 

border between these regions. We  have  shown  recently  that 
the  HAP2 homology domain of the  mammalian  protein  is  also 
sufficient for subunit  interaction  and  DNA binding." Thus,  it 
seems  reasonable  to  speculate  that  the  intron which splits  the 
homology domain in  NF-YA might  also  separate  the two 
functions.  Interestingly,  the  intron  falls  within a 10-amino 
acid  stretch  that  is  rather poorly  conserved  when compared 
to  the flanking sequences  (Fig. 3C). These conserved flanks 
seem  to  correspond  to two  long a-helices  according  to  second- 
ary  structure  prediction  programs. 

An intron  also  bisects  the homology domain  in  NF-YB. 
Again, the  position of the  intron falls in a short  stretch 
between two putative  a-helices,  the helix-forming  residues 
being more  conserved than  the  intervening seven amino acids 
(Fig. 30). From  this  disposition,  one  might  speculate  that 
NF-YB  and  NF-YA have the  same basic structural  organiza- 
tion:  an  intron  separating two a-helical  components,  one 
interacting  with  the  companion  subunit,  the  other  contacting 
DNA.  This would imply that  the  NF-Y/HAP family of tran- 
scription  factors follows the  same  organizational  blueprint  as 
the more extensive leucine-zipper or  helix-turn-helix families 
(Busch  and  Sassone-Corsi, 1990; Harrison  and Aggarwal, 
1990; Kingston, 1989; Vinson et al., 1989). 

Cell-type Specificity of NF- Y Isoforms-While analyzing 
NF-YA  cDNA  clones  from various cell types, we realized that 
the distribution of sequence variants was not homogeneous: 
all clones  derived  from LMTK  (a  class 11-negative fibroblast 
line) were of the long  form a t  positions 25-54, whereas all 
clones from M12 (a  class 11-positive B lymphoma  line) were 
of the  short form. To  determine  whether  this  distribution was 
due  to  true  cell-type specificity of the  alternative splicing, we 
performed S1 nuclease analysis of poly(A+)  RNA from  a 
number of different  cultured cell lines  or from fresh mouse 
tissues (Fig. 4). These  experiments  confirmed  the  distribution 
seen in the cDNA clones: the long form  accounted for most 

U. Pessara et al., unpublished  data. 

A. 

Long b 
L S B T  P 

I 
Shorlb 0 I 

FIG. 4. Tissue-  and  cell-type  specificity of NF-YA gene  al-  
ternat ive  spl ic ing.  A, estimation of the relative proportions of long 
and  short form mRNA hy S1 nuclease  mapping. As illustrated in the 
diagrams  on  the  hottom of the figure, a 5' end-labeled probe derived 
from  long  form  cDNA gives rise to different S I  dipstion products 
after  hyhridization  to long or short form mRNA. Long form mRNA 
protects  the full length of the hybridizing segment of the probe: short 
form mRNA leaves a single-stranded loop in the prohe. which is 
cleaved by S1,  resulting in a shorter labeled fragment.  RNAs in this 
experiment  derive from liver ( I , ) ,  spleen ( S ) ,  brain ( R ) .  thymus ( T ) .  
and  intact  probe ( P ) .  H ,  from several such S I  nuclease  mapping 
experiments we estimated by densitometry  the  proportion of long and 
short form NF-YA message in RNA from a number of cell lines or 
normal  tissues.  The  values shown  here are an average of two to four 
determinations. Although there was some  variation hetween  different 
experiments  and RNA preparations,  these usually did not exceed 15- 
20%. 

of the NF-YA mRNA in LMTK,  but  the  short form was the 
most  frequent in  RNA  from M12. I t  was  also apparent  that 
the  dichotomy does not  correlate with MHC class I1 expres- 
sion  status,  but  rather  breaks roughly along lymphoid/non- 
lymphoid  lines. The long form is more prevalent l'n the  brain, 
liver,  lung, and in fibroblast  and  teratocarcinoma cells. Con- 
versely, the  short form predominates in thymus  and spleen 
and in  cells of the B lymphoid lineage: class 11-negative pre- 
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A. PORE-GRADIENT B' SD%&tGE c. INVITRO 
RETARDATION CROSSLINKING  TRANSLATION 

s-67 

FIG. 5. NF-YA isoforms at the  protein level. A, Western blot 
analysis of nuclear extracts from several cell lines, probed  with an 
affinity purified antipeptide antiserum directed against  the C termi- 
nus of NF-YA. The doublets which presumably  correspond to long 
and  short form NF-YA are indicated. 

B cells (18-81, PD31, 702/3) or class 11-positive mature B 
cells (M12, CH1);  one exception to  this  trend is CH27, also a 
class 11-positive B lymphoma, in which the long form appears 
slightly more frequently. Intermediate  distributions,  with only 
a moderate prevalence of the long form, were found for EL4 
(a T lymphoma) and  WEHI-3  (a myelomonocytic line);  in the 
latter cells, y-interferon induces the expression of MHC class 
I1 genes, but did not affect the proportion of long versus short 
form NF-YA (not shown). 

Similar S1 nuclease analyses were performed with  a probe 
spanning  the variable sequences a t  positions 181-188. The 
data confirmed the observation with cDNA clones, namely 
that  the isoforms at  that position were equally represented  in 
all cell and tissue  types (not shown). 

NF-Y rnRNA Isoforms Are Translated-To determine 
whether the long and  short forms of NF-YA mRNA do give 
rise to protein, we exploited highly specific anti-NF-YA an- 
tibodies, raised against  a  peptide derived from the C-terminal 
sequence of  NF-YA.' SDS-polyacrylamide gels were run under 
conditions  enhancing the resolution of proteins  in the 30-50- 
kDa range; the proteins were transferred  onto a  filter and 
probed with the  anti NF-YA antibody. As shown in Fig.  5, 
several bands  can be detected in  this assay. The two doublets 
most likely correspond to  the long and  short forms a t  positions 
25-54, based on their relative sizes and  on  their distribution 
in different cell lines: very predominant long form in LMTK, 
somewhat  predominant long form in  WEHI3,  predominant 
short form in  B cells. Within each doublet, the two bands 
very likely correspond to  the  alternative forms at  positions 
181-188. 

Different Function  for NF- YA Isoforms-Having estab- 
lished the existence of NF-YA isoforms, we investigated the 
functional consequences of this sequence variability. To eval- 
uate  their DNA binding potential, we assayed a panel of cell 
lines with different  proportions of long and  short NF-YA 
forms, making use of the resolving power of pore-gradient gel 
retardation assays. More than  standard gel retardation, this 
technique is sensitive to differences in  the molecular weight 
of protein-DNA complexes (for references, see Hooft  van 
Huijsduijnen et al., 1987). As shown in Fig. 6A,  we detected 
two NF-Y/DNA complexes by this assay, differing slightly in 
their migration endpoint  on the pore  gradient gel (it  is actually 
possible to detect the difference between these complexes in 
ordinary gel retardations, but far less convincingly; data  not 
shown). The relative proportion of the two forms in  different 
cells correlates well with the tissue  distribution of the long 
and  short mRNA species (Fig. 6A). The larger protein form 

' U. Pessara et a!., manuscript in preparation. 
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FIG. 6. DNA binding potential  of NF-YA isoforms. A, NF-Y 
DNA binding  activity in several cell lines was revealed by electropho- 
resis on pore-gradient gels, under very long electrophoresis  times, so 
that each complex migrates until  it reaches  a pore size limit (see 
Hooft van Huijsduijnen, 1987). M E ,  WEHI231, and LK35.2 are B 
cell lines or hybrids, X63  is  a  plasmacytoma, BW-5147 a  thymoma, 
LMTK a  fibroblast, and MCA a  skin  epithelial cell line. The labeled 
oligonucleotide was a  double-stranded 22-mer, encompassing the Y 
box of the  Ea promoter.  For  details, see Hooft van Huijsduijnen et 
al., 1987; Koch et al., 1989. B,  NF-Y complexes from nuclear extracts 
of LMTK (90% large),  WEHI-231 (90% small), or M12 (75% small, 
25% large) were cross-linked by incubating gel slices with 1%  para- 
formaldehyde, as described (Dorn et al., 1989). This material was 
then eluted from the gel and electrophoresed on  a  denaturing  SDS- 
polyacrylamide gel. C, in  vitro translation. Cloned long ( L )  and  short 
(S) form NF-YA cDNAs were placed under the control of the  T3 
RNA polymerase promoter in pBluescript and  then transcribed and 
translated in uitro as described (Hooft van Huijsduijnen, 1990). The 
products were mixed with a  similar transcription/translation reaction 
for NF-YB and  tested in a gel retardation assay  with the Y box  22- 
mer. N.E., a  control retardation assay, run in parallel with standard 
nuclear  extracts. 

predominated  in non-lymphoid cells (LMTK, MCA), whereas 
the smaller form was prevalent  in lymphoid cells (ME,  WEHI 
231,  LK-35.2, X63 or BW-5147). Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis after cross-linking of the 
two complexes showed that  their differential mobility is due 
to a difference in molecular weight of the NF-YA subunit, of 
approximately 2-4 kDa (Fig. 6B).  This value is in good 
agreement with the size of the protein segment encoded by 
the facultative exon B. To confirm by another means that 
both isoforms of NF-YA could bind DNA, we used NF-YA 
cDNAs of either isoform as a  template for RNA synthesis  in 
vitro, using a T7 RNA polymerase system. This RNA  was 
then used to program a  wheat germ in vitro translation system. 
The  translation products were tested, together with NF-YB 
translation products,  in  a gel retardation assay. As shown in 
Fig. 6C, both long and  short form NF-YA could complement 
NF-YB to yield specific complexes with a  Y box  oligonucleo- 
tide. 

We thus feel confident that  both mRNA isoforms differing 
at  positions 25-54 do actually give rise to protein, capable of 
binding DNA. To  further assess the binding specificity of NF- 
YA isoforms, we tested nuclear extracts from LMTK or 
WEHI-231  against  a  panel of mutant ds-oligonucleotides, 
each of which bears  a single-site substitution from the wild- 
type  Y box oligonucleotide (Dorn et al., 1987). As demon- 
strated in Fig. 7 the  patterns  are superimposable, whether the 
NF-Y be from WEHI 231 (predominantly short form NF-YA) 
or from LMTK (predominantly long form), indicating the 
same specificity for DNA. 

Although the DNA-binding function seemed identical for 
both NF-Y isoforms, it was conceivable that  their transcrip- 
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FIG. 7. Fine  specificity  of DNA contacts of NF-YA isoforms. 
Nuclear extracts from WEHI-231 or LMTK  (predominantly short 
and long  form  NF-YA, respectively, see Fig. 6) were tested  in gel 
retardation assays, with a panel of 18 single-base mutants of the 
standard Y box ds-oligonucleotide. Each mutant bears a transition/ 
transversion at  the indicated position of the wild-type sequence. 
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FIG. 8. Activation potential of the NF-YA isoforms. The 
reporter gene is composed of two GAL4 binding sites linked to  the 
TATA box and CAP site from the adenovirus major late promoter 
(positions -34/+14;  see Webster et al., 1988). The activator was 
obtained fusing the GAL4  DNA binding domain (amino acids 1-147; 
black box) to  the N terminus of NF-YA through a linker sequence 
(Ile-Gly-Arg-Ala). In some constructs the NF-YA moiety only ex- 
tended to  the end of the Q-rich region (to position 132) whereas in 
others it also included the S/T-rich region (to position 233). The 
expression of the activator proteins was under the control of the 
SV40 early promoter, in the plasmid pGAL(1-147)poly (Webster et 
al., 1989). 

tional activation  potential might differ. We have recently 
found that  the N-terminal region of NF-YA possesses signif- 
icant transcriptional  activation potential.6 This activity maps 
to  the glutamine-rich stretch  and  thus could be affected by 
the differential splicing a t  position 25-54.  As diagrammed in 
Fig. 8, and following a now standard strategy, we cloned the 
long and  short forms of NF-YA cDNA or fragments thereof 
into a vector driving the expression of a hybrid protein that 
consists of the NF-YA activation region fused to  the DNA 
binding domain of GAL-4 (Webster et al., 1988). We tested 
the ability of these  constructs to trans-activate the  transcrip- 
tion of a cotransfected test plasmid; the  latter consisted of 
two  tandem GAL-4 binding sites  linked to  the TATA box and 
capsite of the adenovirus major late promoter, driving the 
transcription of a  reporter chloramphenicol acetyltransferase 
(CAT) gene. A representative  experiment is shown in Fig. 8. 
Whether alone or in combination  with the flanking  serine/ 
theonine-rich region, the glutamine-rich activation regions of 
both NF-YA isoforms were similarly effective in activating 
transcription. This observation applied whether the cells used 
for  transfection were lymphoid or non-lymphoid (M12, 

' R. Mantovani, unpublished data. 

LMTK, Hela, Raji, -and HepG2 cells were tested in  this 
manner). 

In summary, we find that tissue-specific splicing leads to 
two forms of NF-YA, differing by 28 amino acids in the 
glutamine-rich transcriptional activation region. Alterna- 
tively splicing has been reported for a  variety of transcription 
factors (see, for example, (Busturia et al., 1990; Foulkes et al., 
1991; Gaire et al., 1990; Izumo and Mahdavi, 1988; Koenig et 
al., 1989; Nakabeppu et al., 1991; Wirth et al., 1990), although 
the tissue specificity we observe is unusual. In some instances, 
a  functional  correlate has been demonstrated for alternative 
forms of the proteins,  often with a conservation of DNA 
binding but a loss of the activation  function, generating, as a 
consequence, negative transcriptional regulators (e.g. Foulkes 
et al., 1991; Izumo et al., 1988; Koenig et al., 1989; Nakabeppu 
et al., 1991). In several other instances,  functional differences 
between isoforms have not been demonstrable  (Busturia et 
al., 1990; Gaire et al., 1990; Wirth et al., 1990). In  the present 
case, DNA binding is  not affected, either  in specificity or 
apparent affinity. Transcriptional  activation, which maps to 
the domain subject to sequence variation, was equally active 
for the long and  short forms. Yet, we consider the position of 
this  alternative splice site to be too conspicuous to be hap- 
penstance,  particularly since human NF-YA also appears as 
two forms differing at  positions 25-54.7  We anticipate,  then, 
that  the tissue-specific modification of the activation domain 
will prove, in situations less artificial than  the assays used 
here, to be important in controlling the protein-protein con- 
tacts  that NF-YA must make with other components of the 
transcriptional  initiation complex. 
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