
''W.%17*; Z'zf&y. 

reveals that 11 of the 17 DR1 residues in 
the TSST-1 :DR1 interface (underlined in 
Table 3) are common to the SEB:DR1 in
terface, despite the overall difference in 
orientations of the two superantigens on 
DR1. (Thirteen of the 19 positions on 
TSST-1 that contact DR1 are homologous 
to positions on SEB that contact DR1.) 
Thus, it seems impossible for TSST-1 and 
SEB to bind simultaneously to DR1, as they 
would need to occupy the same space. Yet, 
neither TSST-1 nor SEB appears to be able 
to completely inhibit the binding of the 
other (11, 13, 25). One possible explana
tion for this dilemma would be the exis
tence of a second binding site on DR1 for 
SEB or TSST-1, but there is no evidence for 
such a site. 

The most striking new observation 
about superantigen-class II interaction 
seen in the TSST-1 :DR1 complex is that 
the superantigen covers most of the peptide 
binding site, contacting all the polymorphic 
residues on the a chain a helix, residues on 
the bound peptide, and part of the (3 chain 
a helix, across the peptide binding site. 
This contrasts with our expectation because 
superantigen activation of T cells is report
edly much less MHC-restricted and pep-
tide-dependent than peptide antigen-in
duced activation. It suggests that TSST-1 
binding to DR1 may be in part peptide -
dependent. Recent binding measurements 
between superantigens and DR molecules 
on different cell types suggest that different 
subsets of HLA-DR molecules may bind 
TSST-1 and SEB (25). Peptide-dependent 
binding offers a possible mechanism for su
perantigens to distinguish different subsets 
of DR1 molecules and that in turn could 
account for the inability of TSST-1 to in
hibit completely the binding of SEB to DR1. 
Superantigen activation dependent on pep
tide (and hence also MHC allele) would 
allow a pathogen to direct T cell activation 
by its antigens or by host antigens during 
infections, with potential consequences for 
inducing specific autoreactivity. 
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ity complex (MHC) class II molecules, and 
the T cell receptor (TCR) leads to the 
activation of T cells in a Vp-restricted fash
ion (2). The most studied superantigens of 
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Staphylococcus are the enterotoxins A 
(SEA), B (SEB), and TSST-1. They are 
globular proteins of about 30 kD (3) that do 
not require processing to be presented to T 
cells and that bind outside the antigen bind- 
ing groove (4). Unlike nominal antigens, 
presentation of SAGs is not MHC-restrict- 
ed; however, isotypic diversity and allelic 
polymorphism cause variations in the effi- 
ciency of binding or presentation of SAGs 
to T cells (5, 6). Recent site-directed mu- 
tagenesis experiments revealed that residues 
a36 and a39  of HLA-DR are critical for the 
binding of TSST-1; this region is also in- 
volved in the interaction with SEB (7). 

To  characterize the binding sites of SEB 
and TSST-1, we expressed 12 mutant com- 
plementary DNAs (cDNAs) of HLA-DR1 
a and p chains in DAP-3 cells. The mutant 
molecules showed little structural alter- 
ations, as evidenced by staining with a pan- 
el of 14 monoclonal antibodies (mAbs) spe- 
cific for conformational epitopes or for the 
DR a or P chains. These mutants efficiently 
 resented SEA to a murine V,3+ T cell 
hybridoma. DAP cells expressiAg the mu- 
tated MHC class I1 molecules were tested 
for the ability to bind and present recombi- 
nant SEB (rSEB) to a Vp8.1t mouse T cell 
hybridoma or TSST-1 to a VplSt  mouse T 
cell hybridoma (Fig. 1). Presentation of 
both toxins to the T cells is dose-dependent 
and varies with the level of expression of 
HLA-DR. 

Mutation of DRa at position 13 ( a -  
Y13V) (8) had opposite effects on the pre- 
sentation of SEB and TSST-1 (Fig. 1, A 
and B), strongly reducing SEB presentation 
and enhancing TSST-1 stimulation. In the 
latter case, an optimal response was seen at 
all concentrations tested. This mutation 
had little effect on the binding of SEB, 
whereas a twofold increase in the binding of 
TSST-1 relative to SEB and SEA was ob- 
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served (Fig. 1C). The a-Y13 residue is lo- 
cated in a hydrophobic depression previous- 
ly shown to be part of the interface between 
SEB and DR1 (9). Mutation at position 18 
(a-Q18P) in the same region had no  effect 
on the presentation or binding of rSEB and 
TSST-1. Other substitutions on the a chain 
impaired the presentation and binding of 
both toxins. They include a-M36A and 
a-I63A, which are respectively located in 
the loop joining p strands 3 and 4 of the a1 
domain and on  the a helix of the DRa 
chain. These two residues are also part of 
the hydrophobic interface with SEB (9) and 
TSST-1 (10). 

The most dramatic effect on the blnding 
and presentation of SEB and TSST-1 was 
observed when a-K39 was substituted with 
Ser (a-K39S) or Ala (a-K39A) (Fig. 1). 
These mutations in the loop between strands 
3 and 4 of the a1 domain on HLA-DR 
completely abolished the presentation of 
both SAGs at the highest concentration 

tested. Accordingly, binding of radiolabeled 
SEB and TSST-1 on a-K39S or a-K39A 
cells was not observed, whereas the binding 
of SEA remained unaffected (Fig. 1C). Al- 
together, our results show that the same 
residues on DR1 can contact SEB or TSST-1 
and further demonstrate the overlap be- 
tween the MHC class I1 binding sites for 
these SAGs. 

These results are difficult to  reconcile 
with previous observations that showed 
that SEB and TSST-1 do not compete for 
binding to HLA-DR1 and suggested that 
the binding sites of these two SAGs are 
distinct and nonoverlapping (1 1 ). Howev- 
er, we confirmed that rSEB and TSST-1 do 
not compete with each other for binding to 
MHC class I1 molecules and do not prevent 
the binding of SEA (Fig. 2A). As illustrated 
in Fig. 2, B and C ,  a 100-fold excess of 
unlabeled rSEB did not affect the binding of 
1251-labeled TSST-1, and excess TSST-1 
had no  effect on the binding of 1251-labeled 
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Fig. 1. Mutations on the DRa chain affect the presentation and binding of SEB and TSST-I. DAP cells 
expressing the wild-type DRI molecule in high levels (DRI) or low levels (DRI low) orthe different mutants 
of HLA-DRI (32) were used to present rSEB to the T cell hybridoma 3DT-52.5.8 (V,8.1+) (A) and TSST-I 
to theTcell hybridoma KOX15.5.8 (Vpl 5+) (B) (33). A different range of concentrations was used for each 
toxin. Each point represents the mean of triplicates. The different mutants were tested a minimum of two 
times with each toxin, and a representative experiment is shown. The mean fluorescence values for MHC 
class I I  expression are indicated on top of each histogram and were determined with the conformational 
DR mAb 50D6 (which recognizes an epitope on the p chain) (34). (C) Cells affected in their ability to 
present SAGs were tested in binding experiments with 200 ng of v51-labeled toxins (SEA, rSEB, and 
TSST-I) (35). The binding of radiolabeled SEB (D) and TSST-I (E) (100 ng) was also measured on 
mutants of the peptide binding groove. 
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rSEB to DAP DR1 cells. The  presence of a 
second high-affinity binding site for SEB 
and TSST-1 is unlikely because mutagene- 
sis of only one residue (cx39) abrogates the 
binding and presentation of both toxins. 
This lack of competition between toxins 
that have similar binding sites is consistent 
with the existence of two populations of 
DR1 molecules, one binding to SEB and the 
other one binding to TSST-1. Quantitative 
determination of the number of toxin bind- 
ing sites by Scatchard analysis with the use 

0 1 1  
0.001 0.01 0.1 1 10 100 

Unlabeled cornpetltor (kg) 

Fig. 2. SEB and TSST-1 do not compete for bind- 
ing to HLA-DR. DAP DRI cells (1 06) were incubat- 
ed in 200 pl with 100 ng of iodinated SEA (A), 
rSEB (B), or TSST-1 (C) and in the presence of 
different amounts of unlabeled SEA, rSEB, or 
TSST-1. Bound counts per minute were counted, 
and the values were plotted against the amount of 
competitor toxin used. A representative experi- 
ment is shown in each panel; each point repre- 
sents the mean of duplicates. These values to- 
gether with those obtained In the same experi- 
ment with additional competing concentrations of 
toxins were used for Scatchard analysis. The ratio 
of unlabeled and labeled toxin specifically associ- 
ated with MHC class I I  molecules over the un-  
bound toxin (boundfiree) was calculated and 
plotted against the concentration of bound toxin 
(bound). Linear regression analysis was per- 
formed with the Macintosh program Cricket 
Graph 1.3 (Crlcket Software, Malvern, Pennsyl- 
vanla). Correlation coefficients (R 2, of 0.89, 
0.86, and 0.71 were obtalned for SEA, SEB, and 
TSST-1 , respectively. The dissociation constant 
for SEA was 2.3 x 1 0-8 M ;  for SEB, 1.4 x 1 0-8 
M ;  and for TSST-I , 1 . l  x lo-' M .  

of the data in Fig. 2 provides evidence in 
support of this hypothesis. We  have found 
1.3 x lo5 high-affinity TSST-1 receptors 
on DAP DR1 cells and lo5 high-affinity 
SEB binding sites on the same cells. Suffi- 
cient numbers of MHC class I1 molecules 
are expressed at the surface of the DAP 
DR1 transfectant to account for the pres- 
ence of two distinct populations of HLA- 
DR cells. Indeed, a minimum of 2.3 x lo5 
DR molecules are present at the surface of 
DAP DR1 cells as calculated by Scatchard 
analysis with the use of an 12jI-labeled Fab 
fragment from mAb L243. SEA competes 
efficiently for the TSST-1 and SEB binding 
sites (Fig. 2, B and C) .  It is interesting to 
note that the number of binding sites for 
SEA (2.13 X lo5) is similar to the total 
number of sites for SEB plus TSST-1 [see 
above and (6)]. 

To  better understand the molecular basis 
for these differences in the ability of DR 
molecules to interact with superantigens, 
we further characterized the binding sites of 
SEB and ,TSST-1 and investigated the im- 
portance of the p chain of MHC class I1 
molecules. Mutant P-D66A,L68A was sig- 
nificantly affected in its ability to present 

TSST-1 to the Vp15-' hybridoma (Fig. 3B), 
although this mutant had little effect on 
SEB presentation (Fig. 3A).  The lack of 
stimulation correlates with a reduction in 
TSST-1 binding as compared to SEB (Fig. 
3, C and D) and is probably a result of 
mutation of amino acid p-D66A, which is 
exposed and points up toward the TCR 
(12). Our results confirm a role for the DR1 
p chain in TSST-1 binding, as previously 
suggested (13). They show that the binding 
sites of SEB and TSST-1 are overlapping 
but not identical. They are also consistent 
with a single TSST-1 binding site com- 
posed of both a and P chain residues where 
TSST-1 could span the peptide-binding 
groove as observed in the DR1:TSST-1 
crystal structure (10). We  therefore tested 
the effect of mutations in the peptide-bind- 
ing groove on the presentation and binding 
of SAGS to determine if bound peptides 
affect MHC:SAG interactions. 

Mutations at residues 11 and 18 (cx- 
E11K,Q18A) significantly affected the pre- 
sentation of SEB and TSST-1 (Fig. 1, A 
and B). The same effect was observed with 
a DR1 molecule mutated at residue 11 
alone (cx-E11K) (not shown). Interestingly, 

01 . . . . . . . . . . .  l 
0 100 200 300 4Op 500 600 

TSST-1 (ng) 

Fig. 3. TSST-1 contacts the p chain of MHC class I I  molecules. DAP cells expressing DRI mutants of 
exposed resldues on the pl domain were tested for their capacity to present rSEB to the V,8.1t 
3DT-52.5.8 (A) or TSST-1 to the V,15+ KOX15.5.8 (B) T cell hybrldomas. Each mutant was tested a 
minimum of two times; values shown represent the mean of triplicates. A representative experiment is 
shown. Binding experiments with radiolabeled rSEB (C) and TSST-1 (D) were performed on mutant 
P-66,68 (D66A, L68A), whlch was affected In TSST-I presentatlon, Mean fluorescence values with L243 
are indicated. 
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although both a -El  1K,Q18A and a-El  1K 
mutants abrogated the binding of TSST-1 
(Fig. lE) ,  only the a-E11K mutant had an 
effect on SEB binding (Fig. ID). The latter 
result could be due to a compensatory role 
for the Q18A mutation on SEB binding. 
Residue a - E l l  is located under the a helix 
of the a chain and is part of the sixth 
pocket involved in the peptide binding 
(14). This residue is not in direct contact 
with SEB (9), and although it is a polymor- 
phic residue, positively charged amino acids 
(as found in a -El  1K) have not been report- 
ed at this position in mouse or human 
MHC class I1 molecules (15). Mutation of 
two other peptide binding residues, a52  and 
a53  (a-A52R,S53R) diminished the pre- 
sentation (Fig. 1, A and B) and binding of 
both SEB and TSST-1. These residues are 
not involved in the SEB:DR or TSST-1: 
DR1 interfaces (9,  10), and the effect of 
these mutations occurs probably through 
the binding of a different set of peptides to 
DR1 or by the induction of a novel confor- 
mation of either the bound peptide or the 
MHC class II-peptide complex. Such a 
conformational change is supported by the 
reduction in L243 binding for mutant 
a -El  1K and by the loss of SEA binding for 

3 DAP DAP DRI HeLa HeLa DRI 
P 

DRI low DRI LG-2 

Fig. 4. The cellular background affects the ability 
of HLA-DRl molecules to bind SAGs. MHC class 
Il-negative DAP and HeLa cells were transfected 
with cDNAs cod~ng for the a and p chains of DRI 
and tested for their capacity to b~nd SAGs. Cells 
(lo6) were incubated with 100 ng of 1251-labeled 
rSEB or TSST-I, and bound radioactivity was 
counted (A). DAP cells expressing different 
amounts of DRI  (DRI and DRI low) were used to 
compare the b~nd~ng to B cells (LG-2) (B). Cells 
were stained with DR mAb 21 R5, which maps to 
the a cha~n (A) or L243 (B). 

a-A52R,S53R (not shown). The effect of 
peptide binding on MHC conformation is 
not unprecedented, because the loading of 
MHC class I molecules with different pep- 
tides affects the reactivity of some mAbs 
(16). Moreover, the crystal structure of the 
H-2Kb molecule associated with the two 
different peptides showed some variations 
in both the backbone of the structure and 
the position of the side chains, altering the 
upper surface of the binding groove (1 7). 

Cells from various tissues generate differ- 
ent intrinsic peptides (18) that might influ- 
ence the binding of SEB and TSST-1. T o  
investigate this possibility, we studied the 
effect of DR1 expression in different cellu- 
lar backgrounds on SEB and TSST-1 bind- 
ing.-Whereas DAP DR1 cells bind efficient- 
ly both SAGS, the binding of TSST-1 to 
HeLa DR1 cells is much less efficient than 
binding of SEB (Fig. 4A). In contrast, LG- 
2, a human B cell line that expresses large 
amounts of DR1, binds SEB poorly (Fig. 
4B), whereas efficient binding of TSST-1 
occurs on'these cells. These results provide 
further evidence that cell-specific factors 
can affect the binding of ligands such as 
toxins or mAbs. 

It is surprising that LG-2 cells, which 
have been used as a source of soluble MHC 
class I1 molecules for generating the DR1: 
SEB cocrystal, bind SEB ~oor ly .  As previ- 
ously demonstrated for peptides (19), it is 
possible that soluble MHC class I1 mole- 
cules differ from the membrane-bound form 
in their capacity to interact with SEB. In- 
terestingly, DR1:TSST- 1 cocrystals could 
be generated only from MHC class I1 mol- 
ecules purified by isoelectric focusing (10). 
These molecules may be loaded with specif- 
ic sets of peptides. Indeed, peptides have 
been shown to affect the isoelectrofocusing 
properties of MHC molecules (20). It is also 
possible that the binding of SEB and 
TSST-1 to MHC class I1 molecules is af- 
fected by the size of the peptide, as shown 
for TCRs (2 1 ). 
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cells were grown as above in RPMl 1040. Transfec- 
tants expressing MHC class II molecules were used 
as antigen-presenting cells (APCs) to stimulate T cell 
hybridomas in the presence of SEB or TSST-I . Brief- 
ly, 2 x lo4  APCs were Incubated in the presence of 
6 x 1 O4 T cells at various concentratlons of toxins (0 
to 1 p+g/ml). Co-cultures were performed in a flnal 
volume of 200 kI  in 96-well flat-bottom plates for 18 
hours at 37°C in 5% CO,. St~mulation was evaluated 
by the amount of interleukin-2 (IL-2) released by the 
T cells in the co-culture supernatants. Amounts of 
IL-2 were determ~ned by the abil~ty of the co-culture 
s~~pernatant to support the prollferatlon of the IL-2- 
dependent cell line CTLL-2 and were measured with 
the hexosaminidase colorimetric assay (31). 

34. Sta~nings were done on 5 x lO%eIls for 1 hour on 
Ice, washed twice wirh cold phosphate-buffered 
sal~ne (PBS), and Incubated for another hour on ice 
with fluorescein isothiocyanate-conjugated goat an- 
tibody to mouse (Caltag Laboratories, San Fran- 
cisco). Flow cytometric analysis was performed on a 
FACScan (Becton Dlckinson) w~th a four-decade log- 
arithmic scale. L~ve cells were gated by light scatter. 
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azide and 0.1 % bovine serum albumln. Specific ac- 
tivities varied between 7.5 X 10"nd 18 x 10" 
cpm/kg. Adherent cells (DAP and HeLa) were 
trypsin~zed and counted. Cells (lo6) were incubated 
in Eppendorf tubes with 100 ng (unless othewise 
specified) of radiolabeled toxins in a final volume of 
200 kI  of binding buffer (DMEM supplemented with 
2% fetal calf serum and 0.1 % NaN,). Each point was 
done in duplicates, and each mutant was tested a 
minimum of two times with different preparations of 
iodinated toxins. For competition experiments, cold 
competitors (0.05 to 50 kg/ml) were added before 
the addit~on of labeled toxins. After 4 hours of incu- 
bat~on at 37"C, cells were transferred to afresh tube 
over a 200-~1 cushion of oil (84: 16, silicone oil:m~n- 
era1 oil) and spun down for 1 min in an Eppendorf 
centrifuge. The tubes were immediately frozen at 

Specification of C/EBP Function 
During Drosophila Development 

by the bZlP Basic Region 
Pernille R ~ r t h  

The biologically relevant interactions of a transcription factor are those that are important 
for function in the organism. Here, a transgenic rescue assay was used to determine which 
molecular functions of Drosophila CCAATIenhancer binding protein (CIEBP), a basic 
region-leucine zippertranscription factor, are required for it to fulfill its essential role during 
development. Chimeric proteins that contain the Drosophila CIEBP (DmCIEBP) basic 
region, a heterologous zipper, and a heterologous activation domain could functionally 
substitute for DmCIEBP. Mammalian CIEBPs were also functional in Drosophila. In 
contrast, 9 of 25 single amino acid substitutions in the basic region disrupted biological 
function. Thus, the conserved basic region specifies DmCIEBP activity in the organism. 

Eukaryotic transcription factors influence locus required during Drosophila oogenesis 
all aspects of development by regulating gene (5). Subsequently, DmC/EBP was found to 
expression. For many transcription factors, be an essential gene and likely to be the only 
the functional interactions with cognate C/EBP in Drosophila (6). DmC/EBP is re- 
DNA, the transcription initiation complex, quired during late embryogenesis and may 
and other regulatory proteins have been perform functions similar to those of mam- 
studied in detail. Such analyses are usually malian C/EBP (6). 
done by transfection of tissue culture cells 
and in vitro assays. The ultimate goal is to 
determine how transcription factors function 
in the organism and thus which interactions 
are biologically relevant. Here a transgenic 
approach was used to directly analyze the 
functional requirements of the DmC/EBP 
transcription factor during development. 

C/EBP transcription factors are charac- 
terized by their amino acid sequence similar- 
ity in the COOH-terminal DNA-binding 
domains (1-5). Several distinct C/EBP fam- 
ily members have been identified in mam- 
mals (1-4). DmC/EBP was first identified as 
the protein encoded by slow border cells, a 
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-80°C, and the tips of the tubes containing the 
cell-bound '"51-labeled toxlns were cut off and 
counted on a gamma counter. 

36. We thank J. W. Kappler and P. Marrack for discus- 
slons and for the generous gift of recombinant SEB 
and the T cell hybridomas. The LG-2 cells were from 
L. Stern, Haward University. We also thank J. Fraser 
for recombinant SEB and SEA. We are grateful to D. 
C. W~ley, F. Denis, and S. Gratton for d~scussions 
and critical reading of the manuscript; C. Lemire for 
expert secretarial assistance; C. Cantin for cell sort- 
ing; and H. McGrath, J.-P. Fortin, and H. Soudeyns 
for technical support. J.T is supported by a post- 
doctoral fellowship from National Health Research 
and Development Program. N.L. is a student fellow 
of the Medical Research Council (MRC) and of the 
Universite de Montreal. P.M.L, is supported by stu- 
dentships from Fonds de la Recherche en Sante de 
Quebec and MRC. R.-P.S. holds an MRC Scientist 
Award. This work was supported by grants to R.- 
P.S. from National Cancer Institute of Canada and 
MRC. 

19 August 1994; accepted 4 November 1994 

The introduction of an ectopic copy of 
the gene encoding DmC/EBP (the Pw15 
transgene in Fig. 1) by germline transforma- 
tion was found to overcome the lethalitv 
associated with loss of chromosomal 
DmC/EBP and to rescue flies to adulthood. 
Antibody staining showed that the Pw15 
transgene directed expression of DmC/EBP 
(or of a heterologous gene) in the normal 
DmC/EBP pattern in the embryo, although 
at a'reduced level (7). These observations 
provided a sensitive functional assay for au- 
thentic DmC/EBP activity in the organism. 
Transgenes were manipulated in vitro and 
introduced into flies by germline transforma- 
tion (8). Rescue of the lethal phenotype 
indicated that the protein encoded by the 
transgene could fulfill the essential function 
or functions of DmC/EBP. 

To  determine which domains of the 
DmC/EBP protein were important for func- 
tion in vivo, mutant variants were generated 
and tested in the transgenic rescue assay. 
DmC/EBP consists of a COOH-terminal ba- 
sic region-leucine zipper (bZIP) domain and 
an uncharacterized NH2-terminal region 
(occupying three-quarters of the protein). 

Fig. 1. Transgenic rescue 1 kb - 
assay (8). Top: Map of 
DmC/EBP genomic re- N B ~ X  R x R R 

gion. Bg, Bgl 1 1 ;  M, M ~ u  1 ;  DmCIEBP 

N,  Not I: X, Xho I ;  R ,  Eco 
RI (only some sites are 1310e7b 2 ) 

shown). P-elements as- y8ex2d I 

sociated with slbo alleles 
(5) are indicated as trian- Rescue (Oh) 

gles, the DmC/EBP tran- Pw8.5 -u 5,2, 0.5, 0, 0 
script is indicated by an 
arrow, and the open Pw15 60, 57, 48, 28, 20 
reading frame (ORF) is in- ~ ~ 1 5 ~ ~ ~  - 
dicated by a white box. 

,r 1, 
M 

Represented below are 
DmC/EBP-null chromosomes used (1310e7b and ry8ex2d) and the fragments that were cloned into 
pCasPer to generate Pw8.5 and Pwl5 transgenes. In Pwl 5bknxX, the DmC/EBP ORF was replaced by 
a linker with unique cloning sites (23). 
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