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Scanning force microscopy was used to resolve A Cro protein when bound as a single 
dimer or multiple dimers to its three operator (0,) sites. The bend angles induced by 
binding of Cro to specific and nonspecific sites were determined and are 69" ? 11" for 
specific and 62" ? 23" for nonspecific complexes. Bending of the nonspecific sites is 
advantageous for a protein such as Cro that bends its specific site, because it increases 
the binding specificity of the protein and it can be used by the protein to sample contacts 
required for the recognition of its target sequence. It is proposed here that bending of 

(1 2). 
DNA denosited in the absence of Cro is 

essentially free of sharp bends and high 
features (Fig. 2A). In contrast, DNA depos- 
ited in the presence of Cro consistently 
reveals sharv bends with a discrete high 
feature at thk locus of each bend (Figs. ZB 
and 3). In addition, at stoichiometric Cro 
concentrations, more than 80% of the high 
features on the DNA are located at posi- 
tions consistent with those of the OR bind- 
ing sites (two-fifths from one end) and are 
identified as specific Cro-DNA complexes. 

nonspecific DNA may be a general property among DNA binding proteins that bend their The remaining structures are identified as 
specific sites. nonspecific Cro-DNA complexes. Invari- 

ably, complexes in both groups appear bent 
(13). 

T h e  intracellular control and regulation of " 
gene expression is mediated through com- 
~ l e x  interactions between snecific DNA 
binding proteins and DNA control ele- 
ments. DNA binding ~roteins can achieve " 

rapid target localization by initially binding 
to a nonspecific site on the DNA and then 
finding the specific site by one-dimensional 
diffusion along the DNA, by intersegment 
transfer, or by both (1 ). Moreover, to over- 
come binding to the vast excess of nonspe- 
cific DNA and to ensure occunancv at the . , 
target sequence, specific DNA binding pro- 
teins must also discriminate between specif- 
ic and nonspecific DNA. The greater affin- 
ity of these proteins for specific sites pro- 
vides the discrimination energy and thus 
determines their binding specificity. 

Recognition of the cognate binding se- 
quence requires the formation of specific 
contacts between the protein and the DNA 
and is often accompanied by conformation- 
a1 changes in the protein, the DNA, or both 
(2). Many DNA binding proteins, especial- 
ly transcription regulatory proteins, induce 
DNA bending upon specific binding (2, 3); 
however, the importance of this bending is 
not fully understood. The role of DNA 
bending in the binding specificity and 
mechanism of specific site recognition of 
these proteins remains unclear. 

To help elucidate the role of DNA bend- 
ing in the mechanism and energetics of 
specific site recognition, we investigated 
the conformation of the DNA in specific 
and nonspecific complexes of A Cro protein 
and a l-kb DNA fragment (Fig. 1). Cro, a 
transcription regulatory protein from bacte- 
riophage A, binds as a dimer (molecular 
weight, 14.7 kD) to three operator sites, 
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0,1, OR2, and OR3, in the OR region in 
order to repress transcription from the di- 
vergent promoters hPR and hP,, (4). We 
have investigated Cro because it (i) binds 
to all three 0, binding sites with very high 
affinities (1010 to 10IZ M-') and to non- 
specific DNA strongly ( lo7 M-l) (5); (ii) 
bends DNA upon specific complexation 
(6-8); and (iii) appears to undergo facili- 
tated target location by one-dimensional 
diffusion along the DNA (5, 9). Cro-DNA 
interactions, therefore, provide a system for 
investigating the effect of protein-induced 
DNA bending on the dynamics of target 
localization, the binding specificity of the 
protein, and the mechanism of specific site 
recognition. 

To visualize a protein of such small di- 
mensions (14.7 kD), we used scanning force 
microscopy, which makes it possible to im- 
age the protein both free and bound under 
controlled humidity conditions and without 
external means of contrast (1 0). The l-kb 
DNA fragment (Fig. 1) is incubated with 
Cro at room temoerature to form Cro-DNA 
complexes (1 1 ). The complexes are depos- 
ited onto freshly cleaved mica and imaged 

A small fraction (<5%) of the observed 
specific complexes showed elongated struc- 
tures with two partially resolved high fea- 
tures consistent with the size of two Cro 
dimers (Fig. 4, A and B). During the course 
of this study, we observed a few complexes 
showing three high features at the position 
of the operator site, which are identified 
here as triply bound Cro dimers. The ability 
to observe adjacent dimers separated by 
-20 base pairs (bp) (14), as in this cas:, 
indicates a spatial resolution of about 50 A. 
The conformations of the multiply bound 
complexes do not appear to be related in a 
simple manner to those observed in singly 
bound complexes. A more extensive body 
of data than that available at present on 
multiply bound complexes will be necessary 
to investigate the conformational effects 
associated with the relative phasing be- 
tween Cro dimers occupying adjacent sites 
(15). 

We have obtained distributions of bend 
angles for both specifically (Fig. 5A) and 
nonspecifically (Fig. 5B) bound Cro dimers 
(16). The distribution of bend angles for 
specifically bound Cro is very narrow (Fig. 
5A), with an average angle of 69" -C 1 lo. 

OR3 0 ~ 2  OR' 

Fig. 1. Schematic diagram of the 1 .O-kb Sph I-Hind I l l  DNA fragment of pDE13, showing the positions 
and sequence of the operator sites (39). The start sites for transcription from bacteriophage A promoters 
P,, and P, are shown as leftward and rightward arrows, respectively. The region between these sites, 
the 0, region, contains three Cro binding sites (0,1, 0,2, and 0,3) whose centers are separated by 23 
bp. The 17-bp recognition sequences are underlined and boldfaced. The three binding sites span 
approximately 70 bp and are located 370 to 440 bp (two-fifths) from the Sph I-cut end of the template. 
Cro binds to 0,3 with a higher affinity (loi2 M-') than to 0,l and 0,2 (10" M-' and loi0 M - I ,  

respectively) and to nonspecific DNA with a binding affinity of approximately 1 O7 M-' (40). 
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This average bend angle (1 7) is larger than 
those determined from crystallography (7), 
gel mobility assays (6), and oligonucleotide 
cyclization experiments (8). This larger 
bend angle is not an artifact of the experi- 
mental method. With the same deposition 
procedure, average bend angles of 88" ? 
lo0, 48" 2 12", 50" 2 15", and 20" 2 15" 
have been measured for specifically bound 
yeast TATA binding protein (TBP), Eco 
RV endonuclease, Eco RI methylase, and 
the mutant His235 + Asn (H235N) of Eco 
RI methylase, respectively (18). These an- 
gles are consistent with those determined 
from the x-ray crystal structures or by gel 
mobility assays (19). The angles measured 

previously (6-8) either are determined 
from Cro binding to very short (17 to 21 
bp) oligonucleotide recognition sequences 
or are sensitive to experimental conditions. 
The methods used are likely to yield only a 
minimum estimate of the bend angle and 
underestimate the extent of DNA bending 
(20). 

?he average nonspecific bend angle is 
very similar to the specific one, but the 
distribution of nonspecific bend angles is 
substantially broader than that of the spe- 
cific angles (62" 2 23" versus 69" 2 1 1") 
(Fig. 5, A and B). Presumably, this broader 
distribution reflects the multivlicitv of mi- 
crostates associated with the kndiig of the 

Fig. 2. Scanning force microscope images of (A) free 1 -kb DNA fragment and (B) Cro-DNA complexes 
formed on the 1 -kb fragment (1 1,41). The scan sizes are 1000 nm. In (B), the high features observed on 
the DNA, some of which are marked with arrows, are bound Cro molecules. Such DNA fragments are 
scanned at a closer range (Figs. 3 and 4), and the position and size of the features are measured. Only 
those complexes in which the size of the feature is consistent with of one, two, or three bound Cro 
molecules are analyzed. 

protein to many different positions along 
the DNA (1 6, 21), a larger flexibility of the 
nonspecific complexes over the specific 
ones (22), or both. 

The observation that Cro bends DNA at 
nonspecific sites has important implications 
about (1) its dynamics of one-dimensional 
diffusion along the DNA, (2) its binding 
specificity, and (3) its mechanism of specif- 
ic site recognition. - 

1) The nonspecific complexes observed 
in these studies depict Cro molecules 
trapped, by deposition on the mica surface, 
before they arrive at the specific binding 
site. These observations indicate that Cro 
induces DNA bending at all positions (Fig. 
5, A and B). If Cro diffuses alone the DNA 
in search of its operator (5,9), thve observed 
bending of the nonspecific DNA would 
result in the propagation of a "bending 
wave" along the DNA, with Cro riding at 
its vertex. It can be shown that propagation 
of such a bending wave along the DNA 
should not present a significant energy bar- 
rier to protein diffusion along the DNA 
(23), although it will reduce the rate of 
diffusion (24). 

2) The binding specificity of a protein is 
determined by the difference in binding 
affinities of the protein for the specific ver- 
sus the nonspecific sites. Any factor that 
can alter this difference will necessarily af- 
fect the binding specificity of the protein. 
Protein-induced DNA bending can con- 
tribute to binding specificity through the 
energy cost associated with the DNA dis- 
tortion (25). If the protein does not bend 

Fig. 3. Surface plots of six individual Cro-DNA complexes. The three images These images were obtained from several different depositions that were 
in the top row are specific complexes, and those in the bottom row are scanned with different tips. Although the absolute heights and widths vary 
nonspecific complexes. The scan sizes are 250 nm. The plane of the mica is depending on the radius of curvature of the tip and the humidity of the sample 
displayed with a 30" inclination angle to show the topography of the surface. chamber (12), the observed relative heights do not vary significantly. 
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Fig. 4. (A and B) Surface plots of Cro-DNA complexes in which two Cro sites (42). The scan sizes are 250 nm. These conformations are consistently 
dimers are bound specifically. The plane of the mica is inclined 30". (C) observed for the multiply occupied species. The structure shown in (B) is the 
Cro-DNA complex with three Cro dimers bound at the 0,3, 0,2, and 0,l most commonly observed structure for the doubly bound complexes. 

Bend angle (degrees) 

Bend angle (degrees) 

Fig. 5. Histograms of the frequency of occurrence 
of the bend angles for (A) specific and (B) nonspe- 
cific Cro-DNA complexes (16). To determine the 
bend angles, lines are drawn through the axes of 
the DNA on both sides of Cro, and the angle of 
their intersection (@) is measured. The apex of the 
angle is constrained to the center of the Cro mol- 
ecule. The bend angle (0 )  is the supplement of 
the measured angle (O = 180 - @). 

the nonspecific DNA, it must use the en- 
ergy from specific interactions to induce 
bending at the specific site. This unfavor- 
able bending energy reduces the difference 
in energy between the specific and nonspe- 
cific complexes-that is, it reduces the 
binding specificity of the protein. On the 
other hand, if the bending occurs also at the 
nonspecific sites, a larger energy differential 
between the specific and nonspecific com- 
plexes can be achieved because the energy 
to bend the DNA must be expended in 
order for both these complexes to form. 
Consequently, to maximize their binding 

specificity, proteins that bend the DNA at 
the specific site may bend it also at nonspe- 
cific sites, as we observed for Cro (26). 

3)  Bending of the DNA at the nonspe- 
cific sites may be an important component 
of the mechanism of specific site recogni- 
tion by Cro. Cro may recognize its specific 
site by sampling the specific contacts at 
each position on the DNA or by sampling 
contacts only at certain positions, such as 
those in which the DNA can be more easily 
bent (27). In both cases, Cro must bend the 
DNA at all ~ositions. as observed. In the 
first case, the bending is required to expose 
interacting groups and to facilitate the for- 
mation of the specific contacts; in the sec- 
ond case, the ease of bending could signal 
the protein of the possible arrival at the 
specific locus. If the specific site requires 
less energy to distort, this differential energy 
might be the signal to "check" for specific 
contacts (28). . , 

The above analyses strongly support the 
notion that proteins that bend their specific 
sites may also bend nonspecific locations. 
In corroboration of this idea, we recently 
obtained similar results for another tran- 
scription factor (29). In general, protein- 
induced DNA bending may modulate spec- 
ificity at other levels in addition to binding. 
Manv  rotei ins that interact with DNA. , . 
such as methylases, recombinases, and re- 
striction endonucleases, also catalyze chem- 
ical reactions with the DNA. For such en- 
zymes, DNA bending may play a role in 
specificity at the level of catalysis as well as 
at the level of binding. If DNA bending is 
required for catalysis at the specific binding 
site (30), it may be advantageous for the 
 rotei in not to bend the nons~ecific DNA. 
because the resulting decrease in binding 
specificity could be compensated by an 
equivalent increase in catalytic specificity. 
Eco RV endonuclease is an example of a 
DNA enzvme that induces bendine of the " 
cognate sequence (31) but that may not 
induce bending of nonspecific DNA (31, 
32). As discussed above, specific site recog- 
nition by such enzymes may require a pre- 
existing secondary structure of the target 

sequence. Comparison of the conformations 
resulting from specific and nonspecific in- 
teractions should help elucidate the func- 
tion of DNA bending in protein-DNA 
complexes. 

Traditional biochemical methods can- 
not be used to analyze quantitatively bend- 
ing of nonspecific DNA by proteins, be- 
cause these methods require a single bind- 
ing site on a long DNA fragment (33). In 
addition, a bend angle determined by crys- 
tallographic methods with short, nonspecif- 
ic oligonucleotides (31) may not represent 
the average angle of the ensemble of non- 
s~ecific com~lexes. because the conforma- 
tions of non'specific complexes depend on 
the DNA sequence (21). Direct visualiza- 
tion methods can be used to characterize 
the distribution of conformations of specific 
and nons~ecific com~lexes. Because Cro is 
one of the smallest proteins to be imaged by 
any type of microscopy, the scanning force 
microscope can be used to investigate con- 
formational properties of  rotei in-nucleic 
acid complexes that have not been previ- 
ously accessible to direct visualization or to 
biochemical analysis. Finally, the spatial 
resolution obtained for the multiply bound 
Cro molecules shows that scannine force - 
microscopy can be used to study multipro- 
tein assemblies on DNA. 
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Accumulation of HLA-DM, a Regulator of Antigen 
Presentation, in MHC Class II Compartments 

Frances Sanderson, Monique J. Kleijmeer, Adrian Kelly, 
Desiree Verwoerd, Abraham Tulp, Jacques J. Neefjes, 

Hans J. Geuze, John Trowsdale* 

The HLA-DM genes encode an unconventional HLA (human leukocyte antigen) class II 
molecule that is required for appropriate binding of peptide to classical HLA class II 
products. In the absence of DM, other class II molecules are unstable upon electro- 
phoresis in sodium dodecyl sulfate and are largely associated with a nested set of 
peptides derived from the invariant chain called CLIP, for class Il-associated invariant 
chain peptides. DMA and DMB associated and accumulated in multilaminar, intracellular 
compartments with classical class II molecules, but were found infrequently, if at all, at 
the cell surface. Thus, DM may facilitate peptide binding to class II molecules within these 
intracellular compartments. 

Major  histocompatibility complex (MHC) 
class I1 molecules consist of heterodimers of 
a -34-kD a and a -28-kD R chain that 
interact with a third glycoprdtein, the in- 
variant chain (Ii) in the endoplasmic retic- 

F. Sanderson, A. Kelly, J. Trowsdale, Human Immunoge- 
netics Laboratory, Imperial Cancer Research Fund, Lin- 
coln's Inn ~ields; ~olborn, London WC2A 3PX, UK. 
M. J. Kleijmeer and H. J. Geuze, Department of Cell 
Biology, School of Medicine, Utrecht University, The 
Netherlands. 
D. Verwoerd, A. Tulp, J. J. Neefjes, Department of Cellu- 
lar Biochemistry, Netherlands Cancer Institute, 1066 CX 
Amsterdam, The Netherlands. 

*To whom correspondence should be addressed. 

ulum (ER). This complex is transported out 
of the ER through the Golgi stacks as a 
nonamer (apIi), (1). Invariant chain is 
then proteolytically removed and class I1 
molecules accumulate in an acidic, lvso- 
some-like compartment, termed MIIC in B 
lymphocytes (2). MIIC is placed late in the 
endocytic route and is a potential site for 
peptides derived from exogenous antigens 
to associate with class I1 molecules. Similar 
compartments have since been character- 
ized in other cell types (3-6). 

Insight into how peptides bind (that is, 
get loaded onto) class I1 molecules was pro- 

vided by a series of cell lines with mutations 
in genes in the class I1 region of the MHC 
(7, 8). These cell lines have three interest- 
ing properties: (i) class I1 molecules on the 
cell surface are not recognized by certain 
conformation-specific antibodies, such as 
the DR3 antibody 16.23; (ii) upon poly- 
acrylamide gel electrophoresis (PAGE) in 
SDS, class I1 heterodimers are less stable 
than those of normal cells and dissociate 
into their constituent polypeptide chains; 
and (iii) the mutant cells are defective in 
the presentation of protein antigens to T 
cells (9). All three phenotypes of the mu- 
tant cells are the result of mutations in 
either of the linked DMA and DMB genes 
(7,8).  In addition, another mutant cell line 
with a large deletion encompassing the DM 
locus (T2-DR3) develops abnormal MIIC 
and has class I1 molecules predominantly 
associated with the class I1 invariant chain- 
associated peptides (CLIP) (1 0, 1 1 ). 

To investigate further the function of 
DM, we made rabbit antisera; FS2 recogniz- 
es recombinant DM a chain protein and 
AK3 recognizes the derived COOH-termi- 
nal peptide of the DM P chain. To demon- 
strate the specificities of the antisera, we 
used glycoprotein preparations from the B 
lymphoblastoid cell line LCL721, the dele- 
tion mutant 721.174, and the cell line 
7.9.6, which bears a point mutation in 
DMB (7, 9, 12). Both antisera recognized 
specific bands on protein immunoblots of 
33 to 35 kD and 30 to 31 kD, for antibody 
to DMA (anti-DMA) and anti-DMB, re- 
spectively (Fig. 1, A and B). These values 
are consistent with the predicted molecular 
sizes of 26 kD given that the DMA se- 
quence contains two putative N-linked gly- 
cosylation sites and DMB, one (13). As 
additional specificity controls, we demon- 
strated that anti-DMA did not cross-react 
with conventional class I1 molecules ex- 
pressed in L cell transfectants and identified 
unique spots on two-dimensional SDS- 
PAGE (14). 

The sequence similarities between DM 
and the classical class I1 genes, their loca- 
tions adjacent to one another in the class I1 
region, and the identical phenotypes of 
DMA and DMB mutants all suggest that 
the DM a and (3 chains associate to form a 
heterodimer. To confirm this, cells from the 
Burkitt's lymphoma cell line Raji were met- 
abolically labeled for 20 min and lysed. 
Extracts were precipitated with the antiser- 
um to DMA, FS2 (Fig. 2A). Immunopre- 
cipitated protein was eluted from protein 
A-Sepharose and reprecipitated with either 
anti-DMA or anti-DMB. Reprecipitation 
with anti-DMA revealed bands at 30 and 
33 kD. These were specific for DMA, and 
both were seen after metabolic labeling 
with 3 5 ~  for 5 min (15). The lower band is 
not present in appreciable quantities in the 
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