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The X box has been  shown  in  several assay sys- 
tems to be a  critical  element of MHC class I1 gene 
promoters.  Several X box-binding activities  have 
been  discovered  in  nuclear  extracts  from a  variety 
of cell  lines. The critical  question is: which of these 
are  responsible  for  mediating X box  function?  This 
report  provides a further  characterization of NF-X, 
a  highly  specific X box-binding activity we  described 
previously. The cell-type  distribution,  structural 
features,  and  binding site characteristics of NF-X 
are  analyzed in detail, to facilitate  comparison  with 
other  reported activities. Most  importantly,  the 
functional  relevance of NF-X is assessed by scan- 
ning mutagenesis, and the results indicate  that this 
complex is indeed  involved  in  regulating MHC class 
I1 gene  expression. With these data  in  mind, the 
relationship  between NF-X and RF-X, an X box-bind- 
ing activity reported to be absent  in  patients  with 
severe  combined  immunodeficiency, is discussed. 

It is by now  a truism  to  state  that  the  primary level of 
gene  regulation  in  higher  eukaryotes is the initiation of 
mRNA synthesis  (1,2).  The  mechanisms controlling tran- 
scriptional  initiation  have  been  the  subject of a massive 
research  effort over the  past decade.  First  came  the def- 
inition of promoters  and  enhancers.  critical DNA se- 
quence  elements  usually located upstream of the mRNA 
start  site:  then,  specific DNA-binding proteins  were 
shown to interact selectively with short motifs  within 
these  elements. Although the precise  molecular  interac- 
tions  remain largely undefined, it is thought  that  the 
combinatorial  association of several  such  proteins is ul- 
timately  responsible  for the efficiency and cell-type spec- 

Received for publication November 20. 1990. 

The costs of publication of this  artwle were defrayed in part  by the 
Accepted for publication January 29, 199  1.  

payment of page charges.  This article must therefore be hereby marked 
advertisement in accordance  with 18 U.S.C. Section 1734 solely to indi- 
cate  this  fact. 

'This work was supported by institutional  grants from the Centre 
National de la Recherche  Scientifique  and  the  lnstitut National de la 
Sante et de  la Recherche Medicale and a grant to D.M. and C.B. from the 
Association pour  la Recherche sur le Cancer. V.K. and S.C. received 
bursarles from the Ministere de la Recherche et de la Technologie, R.M. 
a  fellowship from the European Molecular Biology Organisation and  A.D. 
a  fellowship from the  Deutscher  Akademischer  Austauschdienst. 

Present address F. Hoffmann la Roche Ltd. Department of Pharma 
Research/Infectious  Diseases, CH-4002 Rasel.  Switzerland. 

Address correspondence  and reprint requests to Drs. D. Mathis and 
C. Benoist, DOI/LGME. Faculte de Medecine. 1 1 .  rue Humann. 67085 
Strasbourg Cedex. Paris. 

ificity of mRNA synthesis. 
Class I1 genes of the MHC are  no exception  in their 

dependence  on  regulatory  events at  the level of transcrip- 
tional  initiation. Much of the control of promoter  activity 
and specificity can be attributed  to two DNA sequence 
motifs,  the X and Y boxes.  These  are 14 and IO bp 
conserved  segments.  separated by a 19 to  20  bp  spacer 
of fixed  length  but  variable  sequence.  They  are  found  in 
the -150 to -50 region of all MHC class I1 genes so far 
examined. Although the roles of X and Y are well estab- 
lished,  the  identity of the protein  factors  that  mediate 
their  effects is more  controversial (3) .  A constellation of 
X box-binding  proteins has  been  identified in  various 
laboratories by gel retardation  experiments  or by binding- 
site  screening of  cDNA expression  libraries (4-17). Sev- 
eral  reports  have  described  binding  activities  that  seem 
to  recognize the X box and  bases immediately  upstream 
(4-9, 12, 15-17). Although  some of these  probably rep- 
resent  the  same  protein(s),  others  appear  different (3) .  
This complexity is further compounded by the  finding 
that  the X region is actually composed of two  overlapping 
motifs: the X box proper and  the X2 box, which  overlaps 
the 3' end of the classical X sequence homology. X 2  is 
related to the CAMP or TPA response  elements (CRE, 
TRE),  and  the  proteins  that  bind  to it are  members of the 
fos/jun  family (10, 12, 14-18). The  functional  relevance 
of these  various  binding  activities is the key  question- 
it is clear that  the sensitivity of techniques  currently  used 
for  studying DNA-binding proteins  far  exceeds  their  dis- 
criminating power. 

Among the very first X box-binding proteins to be 
described  was NF-X. an  activity  initially  discovered  in 
this laboratory  to  bind  to the X box of the En and DRo 
promoters (4, 8). In this  report, to facilitate  comparison 
with  activities  described by others, we have  characterized 
more  fully the cell-type distribution,  structural  proper- 
ties,  and  binding  characteristics of NF-X. Most impor- 
tant, we have  addressed its functional  relevance by cre- 
ating  panels of X box mutants  and comparing the effects 
of alterations on NF-X binding and on transcriptional 
activity of a n  MHC class I1 gene promoter. 

MATERIALS A N D  METHODS 

TA3.  CH27.  WEHI-231 (B lymphoma  lines  that  constitutively  express 
Cell lines. Most of the cell  lines  were of murine origin: M12.4.1. .  

MHC class I1 molecules]; P388D1 (a macrophage-like  line  that  can 
be  induced to express MHC class I1 molecules by IFN-7 treatment): 
PD31.  70Z/3 (class 11- preB lymphoma  lines]; LMTK (a fibroblast  cell 
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TABLE I 
Oligonucleotides used in this study 

Ea X box 23 mer (X) 
5' . . .  ACCCTTTCCTAGCAACAGATGTG . . .  3' 
3' . . .  TGGGAAAGGATCGTTGTCTACAC . . .  5' 
Ea X box 38 mer (X) 
5' . . .  AAGGAACCCTTTCCTAGCAACAGATGTGTCAGTCTG AA... 3' 
3' . . .  TTCCTTGGGAAAGGATCGTTGTCTACACAGTCAGACTT . . .  5' 
Ea X box random sequence 38 mer (XC) 
5' . . .  AAGGAACCCTTTACGTTCTGGCTACATGTCAGTCTGGA . . .  3' 
3' . . .  TTCCTTGGGAAATGCAAGACCGATGTACAGTCAGACTT . . .  5' 
DRa x box 61 mer 
5' . . .  ACCCTTTGCAAGAACCCTTCCCCTAGCAACAGATGCGTCATCTC~TATTTTTCTGATT . . .  3' 
3' . . .  TGGGAAACGTTCTTGGGAAGGGGATCGTTGTCTACGCAGTAGAGTTTTAT~GACT ~ . . .  5' 
DRu X box random sequence 61  mer 
5' . . .  ACCCTTTGCAAGAACCCTTCCACGTTCTGGCTACACGTCATCTC~TATTTTTCTGATT . . .  3' 
3' . . .  TGGGAAACGTTCTTGGGATGCAAGACCGATGTGCAGTAGAGTTTTAT~GACT ~ . . .  5' 
Py EFC box 23 mer (PY) 
5' . . .  AATTAGTTGCTAGGCAACTGGCC . . .  3' 
3' . . .  TTAATCAACGATCCGGTTGACCGG . . .  5' 
E@ X box 22  mer 
5' . . .  TCTCTAACTAGCAACTGATGAT . . .  3' 

A a  X box 22  mer 
3' . . .  AGAGATTGATCGTTGACTACTA . . .  5' 

5' . . .  TCTGCAGCTGGCAACTGTGACG . . .  3' 
3' . . .  AGACGTCGACCGTTGACACTGC . . .  5' 
AB box 22  mer 
5' . . .  AGTTTACCCAGAGACAGACGAC . . .  3' 
3' . . .  TCAAATGGGTCTCTGTCTGCTG . . .  5' 

line).  The  undifferentiated  teratocarcinoma  T113  was a kind gift 
from Dr. D. Duboulle, EMBL, Heidelberg, Germany. Cells of human 
origin were EBV-transformed  B  lymphoblastoid lines derived from  a 
normal  individual  (Debre) or from SCID4 patients  (Ramia, Nacera) 

Oligos. Oligos were synthesized on a Pharmacia Assembler (Phar- 
macia, Uppsala, Sweden),  and purified by reverse-phase HPLC. The 
single-stranded oligos were 5' end-labeled and  annealed with their 
complement, and  the  resulting 32P-labeled double-stranded frag- 
ments were purified by diffusion after electrophoresis  on a neutral 
polyacrylamide gel. The  sequences of the oligo pairs used in  this 
study  are listed in Table 1. 

Gel retardation assays. The 1 M NaCl extracts of nuclei  were 
prepared  according to the method of Dignam et  al.  (1 9). as  detailed 
elsewhere (20). 

Gel retardation  assays were performed as  previously described 
(20). Briefly, nuclear  extract  (1  to 5 pl). 32P-labeled double-stranded 
oligo (5000  cpm)  and poly(d(1-C)) (200  ng to 1 pg) were mixed in  25 pl 
final volume and  incubated  on ice for  30  min. Free and protein- 
bound DNA were then  separated by electrophoresis  on a 5% poly- 
acrylamide gel, and  the  resulting  bands revealed by autoradiography. 

For the protease experiments, various amounts (see  figure legend) 
of proteinase K or trypsin were  added and  incubated for 10 min 
either before or after  the binding  reaction. In these  experiments,  the 
DNA:protein complexes were separated on 7% polyacrylamide gels. 

Methylation interference  mapping  was conducted as detailed  else- 
where (20). In short, 32P-labeled double-stranded oligos were partially 
methylated and  then  incubated with nuclear  extract in the presence 
of poly[d(l-C)]. The  free  and protein-bound DNA molecules were 
separated by electrophoresis,  extracted  from the gel, cleaved with 
piperidine, and electrophoresed  on  a high resolution denaturing gel. 

Mutants. A panel of mutant  plasmids,  each  carrying a three-base 
mutation around  the Ea X box, was  constructed, beginning  with the 
plasmid PX3. This plasmid contains  the -2 15  to  +12  stretch of the 
Ea promoter flanked by Xhol and BarnHl sites  (21). Two rounds of 
PCR were used to construct  the  mutant  fragments,  using  internal 
primers carrying the  mutations  and  external  primers  at  the Xhol or 
BarnHl sites  and following a strategy essentially  identical to the 
PCR-based mutagenesis procedure  described (22). Amplifications 
were performed according to  the Perkin-Elmer-Cetus (Emeryville, 
CA) protocol, adjusting  the  annealing  temperature according to oligo 
length. The resulting DNA fragments were digested with Xhol and 
BarnHl. and introduced  into PX3 to replace the wild-type Ea pro- 
moter segment. 

From this  set of plasmids we derived another  panel  carrying  the 
same  mutations on the pE "backbone,"  in which the  -215  to +12 Ea 
fragment is placed immediately upstream of a  reporter  gene derived 
from rabbit @globin. These plasmids were derived by simply remov- 
ing the BarnHI-Hind111 segment from the pX mutants  (21). 

In vitro transcription assays. In vitro transcription  assays were 

Abbreviations  used  in this paper: SCID. Severe  Combined  Immuno- 

(9). 

deficiency: oligo. oligonucleotide. 

performed as detailed  elsewhere (22a)  using  transcriptionally active 
nuclear extracts from the MHC class II+ B lymphoma CH27. RNA 
accurately initiated  from the Ea  promoter  were  measured by quan- 
titative S1 mapping (21). The reported data  are averages  from at 
least  three  independent  experiments with at  least two different 
.plasmid preparations. 

RESULTS 

The  focus of this  report, NF-X, is a site-specific DNA- 
binding  protein  previously  detected in  nuclear  extracts 
prepared  from  various cell lines (4, 8). NF-X bound  spe- 
cifically  to  X box oligonucleotides  from the Ea and DRa 
promoters  to  form a complex that migrated as a charac- 
teristic  doublet  or  triplet of bands  not very far  into  the 
polyacrylamide  gels used  routinely  in gel retardation as- 
says (as compared  with  complexes  formed by NF-Y,  NF- 
KB, or  octamer-binding  proteins,  for  example). NF-X's 
specificity  for the X box was  established by methylation 
interference  analysis  and by gel retardation  experiments 
using a control oligo carrying a highly mutated X se- 
quence  (see  Table I for  sequence). All other  bands,  which 
are  also  seen  with  the control oligo, thus  represent non- 
specific DNA binding  proteins  or  factors recognizing 
flanking  sequences,  and  are  not  considered  further. 

Cell-type distribution. Nuclear extracts  prepared  from 
a variety of cell-types  were tested  for NF-X activity by the 
gel retardation  assay. NF-X was  found  in  all  extracts 
examined, as is partially  illustrated  in Figure 1, A and B. 
The NF-X bands, identifiable by their  absence  in  the 
control oligo lanes,  were clearly  observed  in  extracts of 
nuclei  from MHC class 11' B lymphomas (WEHI-231. TA3) 
as well as from  class 11- preB  cells and  fibroblasts (7021 
3, LMTK). The  induction of class I1 gene  transcription by 
IFN-y in  macrophages  was  not  accompanied by obvious 
changes  in  the  abundance of NF-X (P388D1 + and - 
lanes).  The  ubiquitous  nature of  NF-X was  also  indicated 
by its  occurrence  in a completely undifferentiated  tera- 
tocarcinoma (Fig. 1B). All extracts gave  rise  to at least 
two  bands,  referred  to a s  NF-XA and NF-XB5 (Fig. 1) (8). 

'The two bands referred to as NF-XA and NF-XB  were  called  NF-X1 
and NF-X2 in a previous  publication (8). This change in nomenclature 
was introduced to  avoid confusion  with the X2 motif and the factors that 
recognize it. 
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X. Nuclear  cxtracts from various ccll lines 
Figure I .  Cell-type  distribution of NF- 

were  incubated  with  32P-labrlcd  oligos 
containing  the X box from the EO pro- 
moter  rrgion.  The  protrin-DNA  complexes 
were  resolved by electrophoresis on a 5% 
polyacrylamide grl. A. Nuclear  rxtracts 
originated from the  class II' €3 lymphoma 
line  TA3.  the preH cell line 702/3. or  the 
fibroblast  line LMTK. For the  marro- 
phage-like cell line P388Dl.  extracts  were 
prepared from cells  grown  with (+) or 
without (-1 IFN-7 (36 h  at 100 U/ml).  The 
Eo 38 mer  oligo was  used  (Table I) .  E. 
Extracts  were prepared from rlass II' B 

class II- undifferentiated  teratocarcinoma 
lymphoma  lines (WEHI 23 I ,  M 12). or from 

cells. and  were  incubated  with  the En X 
box  oligo (X) or with  the  rontrol  oligo  in 
which  the X motif  had  been  mutated  (Xr: 
Table I) .  C.  Nurlearcxtrarts  were  prepared 
from  lymphoblastoid  cell  lines  derived 
from  two SCID patients  (Ramia.  Nacera] 
or from  a  normal  individual  (Debri). For 
each  extract/oligo  combination.  the  incu- 
bation  mixturcscontained 1 pgof poly @(I- 
C]) and O (lanes I ,  3. 5. 7. 9. and 1 I ) or 
0.5 p g  ( lanes 2. 4. 6. 8. 10. and 12) of E. 
coli DNA a s  non-specific  competitor.  The 
labeled  oligo  carried  the X box and  flank- 
ing  sequences from  the DR(r gene (X).  or  a 
corresponding  rontrol  (XC:  Table I ) .  U .  
Contact sltes of  NF-X on  the DRn X  box. 
a s  deduced  from  methylation  interference 
experiments.  The  thickness of  the  arrows 
correlates  with  the  degree of interference. 

A. 

D. 

B. C. 

1 2 3  

5 " C C T T C C C C T A C C A A C A C A T C C C T C - 3 '  

3 " C C A A C C C C A T C C T T C T C T A C C C A C - 5 '  

t 4 4 

A third  band  was  often,  but  not  always,  present  between 
the  other two: its  presence  and  relative position seemed 
to  vary  somewhat  with  different  extracts.  even  those 
prepared  from  the  same cell line,  and  thus we suspect it 
may  reflect  partial  proteolysis. 

Another X box-binding  activity, RF-X, appears  to  be 
absent from extracts  prepared  from B lymphoblastoid 
lines  derived  from SCID patients (9. 23). MHC class I1 
genes  are not  expressed  in  these  patients, a defect  shown 
by genetic  analyses  to  be  due to the  absence or dysfunc- 
tion of a  specific  regulatory  factor  (24).  Reith  et  al. (9, 23, 
25) suggested that  the  absence of RF-X is responsible  for 
the defective  expression of class I1 genes  in  these  pa- 
tients. It was  thus of interest  to  determine  whether NF- 
X is similarly  affected.  Nuclear  extracts  were  prepared 
from class 11- lymphoblastoid  lines  derived  from  two SCID 
patients  (Ramia  and  Nacera:  incidentally  two of the  pa- 
tients  also  studied by Reith  et  al. (9)). As shown in  Figure 
1C. there  was no difference  in  appearance or abundance 
of NF-X between these  extracts  and a control  extract 
made  from  a  normal  lymphoblastoid  line  (Debre).  That 
these  bands  do  correspond  to  human NF-X is substanti- 
ated by the  use of control  oligonucleotides (Fig. lC) ,  and 
by methylation  interference  footprints  (Fig. 1 D)  very  sim- 
ilar  to  those of  NF-X on the En X box (see Fig. 3). This 
result  was  obtained  with  numerous  extract  preparations 
from these  lines. In fact,  two  different  sets of EBV- 
transformed  isolates  from  the  same  patients  were  inves- 
tigated, one of which  corresponds  to  the  very  line  used 
by Reith  et  al. (9). The  retarded NF-X bands  were  also of 
similar  aspect  and  abundance  in  normal  and SCID lines 
when  fragments of the DRm promoter  (even a s  long a s  61 
bp)  were  used a s  templates  (data  not  shown),  and  when 
the  extract  preparation  and gel retardation  protocols  were 

3 2 1 

slightly modified to follow those of Reference 9. 
Structural features. The slow  migration of NF-X in 

polyacrylamide  gels sugested  that  it is a complex of 
rather large  size. We have  confirmed  this point by Fer- 
guson  analysis  (26).  which  showed  the NF-X complexes 
to  be  in the  range of several  hundred kDa (data not 
shown). Yet it is unlikely that  such a mass of protein is 
directly  required  for DNA binding.  Indeed.  most  eukary- 
otic  transcription  factors  have  a  modular  organization, 
with  a DNA-binding domain  that is quite  distinct  from 
other  functional  regions  (2).  This  also proved true of NF- 
X. A s  shown in  Figure 2A. digestion of NF-X:oligo com- 
plexes  with  proteinase K gave  rise  to a very  rapidly  mi- 
grating  retarded  band,  which  was  resistant to further 
protease  attack.  This  small complex is specific of the X 
box, a s  it  does  not  bind the control Xc oligo. The  same 
band  was  obtained  after  trypsin  and  subtilisin A. but not 
pepsin or papain  digestion  (not  shown).  This  band re- 
flects  a complex of very low m.w.: it was best  seen on 
gels of higher  polyacrylamide  concentration  than  usual 
(Figs.  2.  4.  and  5):  its  behavior  when  analyzed "a la 
Ferguson"  indicated  a  molecular  weight of less  than 10 
kDa (data not  shown). 

That  this  band indeed  derived  from NF-X was  demon- 
strated by methylation  interference  experiments:  the 
main DNA contacts  were  the  same  for  the  protease- 
resistant  core  and  the  intact NF-X complexes  (Fig. 2B). 
There  were  some  differences  in  the  degree of interference 
at  some positions,  in  particular at  the  last G on the 
antisense  strand (G4 in Fig. 3R)  where  methylation did 
not  interfere  with  binding of the  protease-resistant  core. 
Interestingly. this is also  the position where Reith et  al. 
(25)  find  differences  between  monomeric  and  dimeric 
forms of RF-X. Somewhat  surprisingly.  the  intensity of 
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A. 

Gel retardation assay  after  proteinase K treatment.  The 
Figure2. A protease-resistant DNA binding  core. A. 

retardation  assay  was performed a s  in Figure 1 except  that 
the  samples  were  treated  for 10 min with  various  amounts 
of proteinase K before  electrophoresis  (lane I .  0 ng: 2.0.5 
ng: 3. 1 ng: 4 .  5 ng: 5. 10 ng: 6 .  50 ng: 7. 100 ng: 8. 300 
ng]. The  samples were run  on a 7% polyacrylamide gel to 

of the  intact NF-X complex and  the DNA-binding core by 
better  visualize  the  resultingvery low m.w. B. Comparison 

visualized on the  sense  and  antisense  strands. F .  free 
methylation  interference  mapping.  Interference  maps  are 

DNA: D. digested complex: I .  intact complex. The  arrows 
indicate bases whose  methylation  inhibits  the  binding of 
NF-X or  the  protease-resistant  core 

A. 

for NF-X binding. A. A set of 21 double-stranded 
Ffgure 3. Definition of the  critical  nucleotides 

oligos. each  bearing a single  site  transversion 
from the En X 23 mer. was  tested  in  the gel 
retardation  assay. NF-X binding  was  quantitated 

to NF-XA and NF-Xe. the value  obtained  for  the 
by densitometry of the  two  bands  corresponding 

ciency.  The  points  represent  values  averaged 
wild-type oligo representing 100% binding  effi- 

from at least  three  independent  experiments. 
with a SD of less  than 145 of the  mean. B. The 

A. Arrows point to  contact  residues  identified by 
En X box sequence aligned with the  diagram in 

arrows  correlating  with  the degree of interfer- 
methylation  interference.  the  thickness of the 

ence (see Fig. 2B): the  classical X homology is 
boxed. 

X C 1 2 3 4 5 6 7 0  

+ intact  NF-X 
"complexes 

B. 
Sense 

' F  D I '  

-cnrnnlnxns 
NF-X 'core' 

Anti-sense 
' F  I D '  

ii d 0 
Mutant# wt 2 3 4 5 6 7 8 9 10 11 u 13 14 15 16 17 18 19 20  21 

A C C C T T T C C T A G C A A C A G A T C  

t t t t t t t t t t t t t t t t t t t t  
Mutation A A A G G G A  A G C T  A c c  A c T c G T 

1 2  3 4  5 6  

I +  I +  i i  
I ,  

B. 
5 " A C C C T T T C C T A G C A A C A G A T G T G T C A - 3 '  

3"T G G G A A A l G  G A T C G T T G T C T A C I A  C A T  G-5'  

the retarded bands  was  much  greater for the core com- 
plex. This difference could reflect a higher  stability  for 
complexes formed with the  small DNA-binding  core- 
both before and  during gel migration. 

The  intensity  and positions on the gel of the protease- 
resistant DNA-binding core was  the  same in extracts 
from SCID or normal lymphoblastoid lines  (data  not 
shown). 

Binding site  characteristics. Previous methylation  in- 
terference  experiments (8) have  established  that NF-X 
contacts  bases in the core of the X box and immediately 
upstream of it,  much as RF-X does (9. 23).  Further ex- 
periments  established  that NF-X,, and NF-XB make  iden- 
tical contacts,  and  that  these  are  the  same  whether ex- 
tracts derive from class 11' or class 11- cell lines (8) (data 

I I A +  4 4  
4 3  

not  shown). To further explore NF-X's bindingcharacter- 
istics, we synthesized a set of mutant double-stranded 
oligos. each  consisting of the  same  23-bp sequence except 
for a unique  single-site  transversion. Each oligo was 
evaluated in the gel retardation  assay.  and  the relative 
binding efficiency was calculated by densitometry (Fig. 
3). The most drastic  mutations were those that touch the 
central  part of the X box. over a length of 6 to 9 bp. 
Interestingly, this is the  center of the  sequence  conser- 
vation seen  when  one  compares X boxes in class I1 LY and 
B genes from a variety of species (3). It is clear from the 
data in Figure 3 that  the binding sites of NF-XA and NF- 
X" are exactly superimposable. Identical patterns were 
obtained  using extracts of nuclei from class 11' and  class 
11- cells (data not shown). Finally, the  protease-resistant 
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DNA-binding core exhibited the  same  pattern of sensitiv- 
ity to the binding-site mutants  (data not shown). 

NF-X was originally detected  using En and DRn X box 
oligos (4, 8) (Fig. 1). I t  was  important to determine 
whether NF-X also  binds to the X boxes of other MHC 
class 11 genes,  particularly  because it has been proposed 
that  distinct  factors bind to and mediate the  influence of 
the X box in  different  genes  (12, 13). Gel retardation 
assays were performed with  double-stranded oligos of 
identical  length. spanning  the X motifs from the En, An. 
EB. and AB genes. A s  illustrated in Figure 4. NF-X bands 
were observed with all oligos, both as intact complexes 
(A)  and as protease-resistant  cores (B). NF-X did seem to 
have a preference  for the En  oligo relative to the  others 
(about 3- to 15-fold),  which may explain  why.  in other 
reports. NF-X binding  to An was obscured by the more 
intense  signal from X2-binding  proteins (1 2).  This lower 
affinity of NF-X for An relative to Ea was  also  substan- 
tiated by competition experiments (Fig. 4C). A 10- to 15- 
fold greater  amount of An X box competitor was required. 
compared to En X box competitor.  Our data on this point 
agree with those of Dedrick and  Jones (1 5). 

To determine  whether NF-X binding sites  are restricted 
to MHC class I1 genes, we searched  the  literature for 
factors reported to have  similar  properties or target  se- 
quences. We did observe  some  similarity between the NF- 
X binding  site. a s  defined in Figure 3. and  the recognition 
sequence for a  factor  which  interacts with a palindromic 
GTTGCNNNCCAAC  motif in the polyomavirus and hep- 
atitis  virus  enhancers (called "EF-C or "EP: 28-30). In 
addition, NF-X and EF-C/EP seemed to behave  similarly 
in gel retardation  experiments, both giving rise to a doub- 
let or triplet of bands close to the gel origin. Methylation 
interference  footprints of EF-C (29)  are  also very remi- 
niscent of those we observe  with NF-X on the En X box. 
To verify the possibility that  these activities are identical, 
we made  a  direct  comparison. Figure 5 shows  that com- 
plexes formed with the Ea X box  oligo and with an oligo 
carrying  the polyoma palindrome (Py) comigrated on the 
gel. Cross-competition experiments  confirmed  that  these 
complexes are  the  same: cold  En and Py oligos compete 
against  the formation of  NF-X bands with  either Py or 

Figure4.  A. NF-X binding to diverse 
class 11 gene promoters. The gel retarda- 
tion assay  was conducted a s  described in 
Figure 1 .  with labeled oligos spanning the 
X motifs from several murine class I I  
genes  (sequences are listed in Table I).  
Lane 1 .  En X control oligo. Lanes  6 and 
7. fivefold longer exposure of lanes 4 and 
5. E. Binding of the NF-X protease-resist- 
ant core to different X boxes. The gel re- 
tardation assays  was  as in A except that 
the complexes were digested with protein- 
ase K just before electrophoresis. C. Cold 
competition. Increasing amounts of unla- 
beled En or An X box oligo were used to 
compete against NF-X binding to labeled 
Eo X oligo. Lane 0. no competitor. Lanes  
1 to 4 .  100. 300. 900. and 2700 fmol of 
cold competitor. respectively. 

A. 

En-labeled oligos. Further, cold Py oligo is a more efficient 
competitor than En, whichever labeled oligo is used. In- 
terestingly. the NF-X/Py  oligo complex gave rise to  two 
bands  after proteolytic cleavage (Fig. 5B).  and  the  appar- 
ent sizes were such  that  one band could have  represented 
a dimer complex. This  interpretation is quite plausible 
because  the Py oligo contains two palindromic NF-X bind- 
ing  sites,  whereas  the En  oligo has only one. 

Role in  transcription. Although it is clear that  the X 
box is a  crucial  promoter  element of MHC class I1 genes. 
the identity of the factor or factors  which mediate its 
influence  remains  uncertain  (see Introduction). To in- 
vestigate  whether NF-X plays a role in X box function. 
we constructed a set of En promoters  carrying short 
mutations along the X box and  surrounding  sequences. 
We wished to correlate the performance of these  mutant 
promoters in functional assays with the ability of mutant 
fragments to bind NF-X (as detailed above). 

The various mutations were introduced  into the plas- 
mid PE3. in which En promoter sequences (from position 
-2 15  to +12) drive transcription of a rabbit @-globin 
reporter  gene (8.2 1). We chose to introduce  3-bp replace- 
ments  because we have  found that single  base  changes. 
although  capable of profoundly affecting  factor  binding 
in vitro. have only limited consequences on transcrip- 
tional  activity (J. Bollekens and W. Koch, unpublished 
observations). This is probably due to the stabilizing 
effects  that  other  factors have  within an initiation com- 
plex. The  replacements were introduced with synthetic 
oligonucleotides. using two rounds of  PCR to assemble 
and amplify  mutated fragments covering positions -2 15  
to +12 of Ea  (see Materials  and  Methods). These  frag- 
ments were then  inserted  into PE3. replacing the corre- 
sponding wild-type fragment.  The  presence of each  mu- 
tation and  the integrity of neighboring  sequences were 
verified by sequencing  the whole -21 5 to +8 segment in 
each  mutant plasmid. The position and  sequence of the 
various  replacements  are  diagrammed in Figure 6. 

The  effects of the  mutations on promoter activity  was 
evaluated by  in vitro transcription.  This  assay, described 
in detail  elsewhere  (see  footnote 5). relies on the  use of 
transcriptionally  active  extracts from the  class II+ lym- 
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tion assays were performed with En X box and rontrol oligos or with an 
Ffgure  5. Binding of NF-X to  the polyomavirus enhancer. A. Retarda- 

oligo containing  the C motif of the polyoma enhanrer ( 4 1 .  The  oligos 
were assayed  with  nuclear  extracts from different  cells: LMTK. a fibro- 
blast cell line and CH27. a B lymphoma line. E?. As A. but with  proteinase 
K treatment Just before electrophoresis of the  complexes. 

phoma  line  CH27.  Transcription is initiated  accurately 
and is critically  dependent on the X and Y boxes (see 
footnote 5). Plasmid DNA were  transcribed  in  this  in  vitro 
system,  and  the RNA produced  were  quantitated by S1 
nuclease  mapping.  The  results  from  several  independent 
experiments  are  summarized  in  Figure 6. Confirming  our 
previous  observations  (see  footnote 5). sequences  up- 
stream of the X box were of little  importance  in  this 
system:  mutants 4  through  11  were  essentially a s  active 
as the WT template.  Within  the X box,  mutations  13  and 
14  had  the  most  drastic  effect,  reducing  transcription 

Flgure 6. Functional evaluation of X box mutants.  The 
X motif is indicated by a solid box .  and  the  nucleotides 
defined as rritiral for  NF-X binding by the  saturation  mu- 

The position and  exact  sequence of each  3-bp  mutation is 
tagenesis experiment are  shown by a  dashed box (Fig. 4). 

shown below the sequence.  The various mutant  plasmids 
were tested in an in vitro transcription system  (see  footnote) 

CH27. Arcurately initiated transcripts from the Ecr pro- 
with  nuclear  extracts from the  class 11' B lymphoma line 

moter were quantitated by SI mapping.  The  values  dis- 
played in the bar   g raph  are  averages from at least three 
independent experiments  with at least two different  plas- 
mid preparations. 

10-fold or more.  Suggestively. the  bases  altered  in  these 
mutants  correspond  exactly to the NF-X binding  core, a s  
defined  in  Figure 3. The  partial  reduction  seen  with 
mutant  12 is also  consistent  with  the  binding  data  in 
Figure 3. We also  noted  a  reasonably  strong  effect of 
mutations 16 and  17.  which  map  in X2,  immediately 
downstream  from  the  classical X box. These  effects  sug- 
gest  a role  for X2 and X2-binding  factors  in En gene 
regulation. 

DISCUSSION 

Structure. We have  defined NF-X as   the complex 
formed  upon  incubation of nuclear  extracts with  a DNA 
fragment  containing  the X box from the En promoter.  Its 
specificity was indicated by its  absence  when a control 
fragment  carrying  a  highly  mutated X box was used  (4). 
We found NF-X to  be  quite  large. Although several 
hundred kDa  could  conceivably  reflect  a  single  huge  pro- 
tein, it is more  suggestive of a  multimeric complex  (homo- 
or heteromeric?). This notion is supported by our  dem- 
onstration  that NF-X is identical  to EF-C. a  factor  known 
to  bind as a  dimer  (28-30). We found  that  the polyoma 
enhancer oligo could  bind one  or  two  protease-resistant 
cores  whereas  the Ea oligo could  bind  only one (Fig. 5B). 
Inasmuch as  the  intact complexes looked exactly  similar 
with  both oligos (Fig. 5A) .  we  believe that NF-X must  be 
a  dimer  that  can  bind  two  linked  motifs  (as  for  the 
polyoma enhancer) or two  independent oligonucleotides 
(as for En). Incidentally, a dimer  with  two X box-binding 
sites would provide  a structural  basis for the  hypothesis 
we formulated  some  time  ago  that  the  inverted  and  du- 
plicated X-Y motif in the  far  upstream region of several 
class I1 gene  promoters (XI-Y') could  be juxtaposed to the 
X and Y boxes  through  dimerization of X or Y box-binding 
proteins  (31): NF-X could fasten X-Y and X'-Y' by binding 
to  both  the X and X' boxes. 

The  relationship  between NF-X,, and NF-XR is not  ob- 
vious at  present. It is clear.  though,  that  their  binding 
properties  are  indistinguishable (Fig. 3) (8). It is conceiv- 
able  that  the two  forms  correspond to different  gene 
products or that  they  result  from  modifications of prod- 
ucts  emanating from the  same  gene(s):  alternative splic- 
ing,  post-translational  modifications, or just  artefactual 
proteolysis. 

The very  small  size (< lo  kDa) of the DNA-binding core 

X , x2 
. . .  AAATAGGACCTGGTTGCAAGGAACCCTTT C GA'TWGTC~GTCT . . .  

1 

\ l u ~ ~ l l l o l l \  CTA  CAG CTT GAA  GAC  TGC  CGT 
AAC TAG . 1 7 8  

CCA  AAG TGT TCG  GAC 

I I 10 

'1 
I m 
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visualized after  protease  digestion  contrasts  with  the very 
large apparent size of the  intact complexes.  Interestingly, 
the  protease-resistant  core  bound  more  efficiently  than 
intact NF-X in  the gel retardation  assay. A s  seen  in  Figure 
2, there  was a 5- to 10-fold increase  in  the  amount of 
oligo retarded  after proteolysis. The DNA-binding core 
also  appeared  less  sensitive  to  small  variations  in  the 
ligand sequence:  the  sharp  preference  for Ea over ALY 
which we observed  with  intact NF-X was  less  marked 
after proteolysis  (Fig. 4). This  difference  in  apparent 
affinities  between  the whole  protein and  the DNA-bind- 
ing  domain  has  several  interpretations. Trivially, the 
smaller complex  might  simply be  more  stable  during 
electrophoresis. More interestingly,  the  domains of  NF-X 
that  are removed by proteolysis  might  have a strong 
negative  influence on the  affinity of the DNA binding 
domain  for its ligand. This type of interplay would be 
analogous  to  that  already  described  for  steroid  hormone 
receptors,  in  which  the  hormone-binding  domain modu- 
lates  the  action of the DNA-binding domain (32). 

NF-X appears  ubiquitous,  because  it  can  be  detected  in 
a large  variety of cell-types  irregardless of their  class 11 
phenotype (Fig. 1)  (data  not  shown).  There  may  be  slight 
differences  in  the  appearance of  NF-X between  lines,  in 
particular  when  considering  the  presence  or  exact posi- 
tion of the  third  band  often  found  between NF-XA and 
NF-Xe.  Yet this  additional  band  tends  to  differ  with  in- 
dependent  extract  preparations  from  the  same cell line 
so that, given the high  sensitivity of NF-X to  proteolysis, 
we are  reluctant to  attribute  much  significance  to  these 
variations at this  stage. We are  thus  faced. once  again, 
with  the  paradox of the tissue-specific  action of the X-Y 
motif,  in  spite of the ubiquity of  NF-Y and NF-X. Con- 
ceivably, NF-X and NF-Y form a “supercomplex”  with  yet 
another  factor  with a restricted cell-type distribution. 
Alternatively, there  may be subtle  variation  in NF-X be- 
tween  tissues,  analogous  to  the  tissue-specific  differen- 
tial  splicing  observed  for NF-Y (X-Y. Li and R. Hooft van 
Huijsduijnen,  unpublished  observations). 

Function. A key question  to  address  for  any DNA- 
binding  activity discovered in  vitro is: what  is its func- 
tional  relevance?  Several  experiments  were  performed  to 
address  this  issue,  and we believe there  is now good 
evidence  to  indicate  that NF-X is indeed  involved in  the 
regulation of  MHC class I1 genes. 

1) Data  from  the  saturation  mutagenesis  experiment 
(Fig. 3) show  that  the core of the NF-X binding  sequence 
is at the  center of the X sequence homology. These  results 
correlate well with  sequence  conservation  amongst  alpha 
and  beta  class I1 genes  in  various  species  (for  compilation, 
see Ref. 3). 

2) Strikingly,  the  mutations  that  affect  transcription 
the most are exactly  those  that  one would have  predicted 
on the  basis of these  binding  data:  mutations 13 and 14 
that  are  devastating  for  transcription (Fig. 6) fall  exactly 
within  the  critical AGCAAC motif. Thus,  there  appears 
to  be a n  excellent  correlation  between NF-X binding  spec- 
ificity and X box function. 

These  data,  although  correlative  in  nature,  argue 
strongly  for a functional role for NF-X in  the  transcrip- 
tional  activity of the ELY promoter. Does this  extend  to 
other MHC class I1 genes  or  are  there, as argued by others 
(12, 13),  distinct X box-binding  regulatory  factors  for 
each? We readily  detected NF-X binding  to  the X boxes 

of three  other  murine  class 11 genes. Although NF-X 
clearly  had a preference  for Ea, the difference  was no 
more than 5- to  15-fold.  Given the  usual  affinities of 
sequence-specific DNA-binding proteins  for  their ligand 
(on the  order of lo-’, M), such a difference is 
unlikely  to  have very serious  consequences  for  the for- 
mation of a n  initiation  complex,  particularly if one  envi- 
sions  the  binding of a single  factor as stabilized by inter- 
action  with  other  factors  bound  to  adjacent  sites. We thus 
consider it likely that NF-X plays a role in  regulating the 
transcription of other  class I1 genes.  This view is in good 
agreement  with  the  analysis of the Aa promoter by  De- 
drick and  Jones  (1 5) (L. Glimcher,  personal  communica- 
tion). 

NF-X and RF-X.  If, as argued  above, NF-X is indeed 
involved in  class I1 gene  regulation,  what is the relation- 
ship between NF-X and RF-X, suggested by Reith  et al. 
(9) to  be the root of the genetic  defect  in  class 11-deficient 
SCID patients? 

By certain  criteria,  the two  activities are very similar: 
large  size,  very small DNA-binding core,  possible  dimer 
structure,  and very similar  binding  requirements as 
judged  from methylation  interference  experiments (com- 
pare Fig. 3B with Fig. 6 of Ref. 25). However, their  ap- 
pearance  in gel retardation  assays  was clearly different 
and,  most  importantly,  results  with  the SCID lines are 
conflicting: NF-X is not  affected  (this  report)  although 
RF-X is  absent (9). 

This  contradiction  may  not  be as absolute as it  appears 
at  first  glance, considering  new  developments on RF-X. 
It now seems,  on  the  basis of experiments  with  the cloned 
RF-X gene  and its product,  that SCID lines do contain 
RF-X mRNA and protein of normal  abundance,  size,  and 
sequence (23, 25) (W. Reith and B. Mach,  personal  com- 
munication). It is quite  possible,  then.  that RF-X and NF- 
X really represent  the  same  entity,  and  that  they  are  not 
affected by thegenetic lesion in SCID patients. How. then, 
does  one  explain  the  initial  observations on SCID lines? 
It is conceivable that  the retarded  band  found by Reith et 
al. (9) to  be  missing  in SCID extracts  was really a n  altered 
form of NF-X, due  either  to  post-translational modifica- 
tion  or  to  association  with another  factor.  Contrary  to 
previous  conclusions (9, 23). the SCID defect would then 
lie in  another  factor  that  binds  to  or modifies RF-X, not 
in RF-X proper. 
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