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Biological processes involved in the control and regulation of transcription are de- 
pendent on protein-induced distortions in DNA structure that enhance the recruitment 
of proteins to their specific DNA targets. This function is often accomplished by 
accessory factors that bind sequence specifically and locally bend or kink the DNA. The 
recent determination of the three-dimensional structures of several protein-DNA com- 
plexes, involving proteins that perform such architectural tasks, brings to light a com- 
mon theme of side chain intercalation as a mechanism capable of driving the defor- 
mation of the DNA helix. The protein scaffolds orienting the intercalating side chain (or 
side chains) are structurally diverse, presently comprising four distinct topologies that 
can accomplish the same task. The intercalating side chain (or side chains), however, 
is exclusively hydrophobic. Intercalation can either kink or bend the DNA, unstacking 
one or more adjacent base pairs and locally unwinding the DNA over as much as a full 
turn of helix. Despite these distortions, the return to B-DNA helical parameters generally 
occurs within the adjacent half-turns of DNA. 

Readout of the information encoded in 
DNA is often initiated by the assembly of 
higher order structures comprising multi- 
ple proteins bound at distinct DNA sites. 
The dilemma faced by these proteins is 
how to shorten the distance between the 
sites such that the proteins can interact 
with one another during the process of 
assembling a nucleoprotein complex. 
Compacting DNA is a classical problem, 
first recognized to occur in nuclear chro- 
matin ( I )  and, more recently, also known 
to be important in the regulation of tran- 
scription (2). The relative stiffness of 
short segments of the DNA double helix 
[less than 500 base pairs (bp)] necessitates 
bending or kinking (3) to bring specified 
segments into close proximity. The recent 
determination of several three-dimension- 
al structures of protein-DNA complexes 
involving such architectural and regulato- 
ry proteins has revealed a common theme 
whereby protein side chain intercalation 
into the minor groove plays a pivotal role 
in the mechanism of kinking and bending 
the DNA (4-8). Protein-induced distor- 
tions of DNA structure have long been 
recognized as an important component of 
processing information encoded in DNA 
sequence (3); side chain intercalation, 
however, as seen in these new structures 
(4-8), represents one of the most dramatic 
mani~ulations of DNA vet observed. 

What does side chain intercalation 
into a DNA helix involve? There are two 
types of intercalation: partial and com- 
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plete. In the case of partial intercalation, 
the intruding side chain unstacks two ad- 
jacent base pairs, but does not itself stack 
over one base pair in lieu of the displaced 
base pair. In the  case of complete side 
chain intercalation. on the other hand. 
the side chain is stacked over a base pair in 
its entirety, fully penetrating to the helix 
axis whether or not a second base pair is 
displaced from the DNA helix (9). Com- 
plete intercalation is akin to the mode of 
interaction observed for some DNA bind- 
ing drugs (10). Whether partial or com- 
plete, intercalation unstacks DNA bases at 
one or more sites, unwinds the DNA, and 
alters the direction of the helix axis. 
Twenty years ago, hypothetical structures 
for the so-called "kinky helix" were pro- 
posed to account for the folding of DNA 
observed under certain conditions, in par- 
ticular the conformation of DNA in the 
nucleosome (9). Here we revisit the 

kinked helix and discuss the structural 
parameters of protein-DNA complexes 
that arise as a direct consequence of pro- 
tein side chain intercalation. 

Minor Groove Intercalation 

To date, kinking the DNA by minor groove 
intercalation of one or more amino acids has 
only been observed for proteins involved in 
transcriptional regulation. Specifically, the 
high-mobility group (HMG) domain pro- 
teins SRY (6) and LEF-1 (7), the TATA 
box-binding protein TBP [Arabldopsis thali- 
ana, aTBP; yeast, yTBP (4)], the human etsl 
oncogene product ETSl (5), and the Es- 
cherichia coli purine repressor protein PurR 
(8) use an intercalative wedge to pry open a 
single base step and distort the DNA (I I). 
Ribbon diagrams of these proteins are shown 
in Fig. 1. Most strikingly, each protein has a 
completely different topology, with different 
parts of the structures being involved in the 
interactions with DNA. 

Distortion of the DNA by partial inter- 
calators is driven by a wedge comprising 
two to five side chains on the protein sur- 
face intercalating into the minor groove 
(Figs. 2 and 3). The leading edge of the 
wedge consists of a single hydroph%bic ami- 
no acjd that penetrates within 3 A (TBP) 
to 5 A (SRY, LEF-1, and PurR) of the local 
helix axis, severely buckling 1 bp (Figs. 2 
and 3). There does not appear, however, to 
be significant stacking of the ~ a r t i a l l ~  in- 
tercalated side chain over either base plane 
at the site of insertion. 

In the case of SRY and LEF-1, the 
wedge is T-shaped, consisting of four hy- 

ETSl 
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Fig. 1. Three-dimensional 
structures of minor groove in- 
tercalating DNA binding pro- 
teins. The folds of SRY, TBP, 
PurR, and ETSl are shown 
as ribbon diagrams (52). For 
SRY, ETS1, and PurR, only 
the DNA binding domain is 
shown. The residues that 
comprise the intercalative 
wedge are shown in yellow in 
each case. The coordinates 
of SRY, TBP, PurR, and ETS1 
are taken from (6), (4), (8), and 
(5), respectively. N, NH,-ter- 
minus; C, COOH-terminus. 
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drophobic amino acids at the crossbar that 
insert at both the sugar-phosphate back- 
bone and bases and include the partially 
intercalating side chain at the leading 
edge (Figs. 2 and 3). The stem of the T 
consists of an asparagine side chain 
(AsnlO) that stabilizes the orientation of 
the wedge by hydrogen bonding primarily 
to the exocyclic amino group of the gua- 
nine 5' to the intercalation site, as well as 
to the 0 2  atom of its cytosine partner and 
to the N3 atom of the adenine in the first 
A-T base pair at the site of intercalation. 
Indeed, the ability of the asparagine side 
chain to form multiple hydrogen bonds is 
one of the key features distinguishing the 
specific from the nonspecific DNA bind- 
ing HMG domains (6). PurR uses a similar 
T-shaped wedge, but only two (Ala51 and 
Leu54) instead of four hydrophobic amino 
acids in each monomer are used (Fig. 3). 
The wedge in TBP, in contrast, clamps the 
backbone at the intercalation site by salt 
bridges to the phosphates rather than by 
hydrogen bonding to the base step below 
(Fig. 3). The broader surface of hydrophobic 
interactions along the protein-DNA inter- 
face presumably obviates the need for an- 
choring the wedge at the neighboring bases 
as seen in the SRY, LEF-1, and PurR com- 
plexes with DNA. 

Com~lete intercalation of a   rote in side 
chain, extending all the way from the minor 
to the major groove, has only been observed 
in a single case, namely the ETS1-DNA 
complex (5). The intercalating side chain, 
Trp28, is positioned on the end of a rigidly 
held a helix in ETSl and displaces a C-G 
base pair with stacking of the invading tryp- 
tophan ring over the C-G base pair below 
(Figs. 2 and 3). Specifically, the six-mem- 

Fig. 2. Depth of penetration into 
the DNA helix by minor groove in- 
tercalating proteins. The depth of 
penetration for the minor groove 
intercalating wedge increases 
from left to right, and the blue 
scale serves solely to guide the 
eye. The intercalating side chains 
at the leading edge of the wedge 
are shown in red as a molecular 
surface and are lle13 for SRY, 
Leu54 and the symmetrically relat- 
ed Leu54' for PurR, Phe5' for 
aTBP (only one of two shown for 
aTBP), and for ETSl . (The 
other intercalating side chain for 
aTBP is Phe148, and for yTBP, 
they are Pheg9 and Phelgo.) The 
additional amino acid side chains 
that form the remainder of the 
intercalating wedge are shown in 
magenta, with the relevant por- 
tion of the protein backbone in 
green. The base ster, at which 

bered ring of the side chain of Trp28 is 
stacked over the base of the cytosine of the 
5' C-G base pair. Watson-Crick hydrogen 
bonding in the displaced C-G base pair 3' to 
the tryptophan is completely disrupted. 
Nevertheless, the cytosine and guanine 
bases of this base pair do not flip out of the 
DNA helix but are retained in highly pro- 
~eller-twisted conformations as a result of a 
number of interactions both in the minor 
and major grooves (Fig. 4, top). The six- 
and five-membered rings of Trp28 are ap- 
proximately orthogonal to the bases of the 
displaced cytosine and guanine bases, re- 
spectively, thereby providing weak hydro- 
gen bonding interactions in which the pro- 
tons of the tryptophan ring act as acceptors 
and the n electrons of the dis~laced bases. 
as donors. In the major groove, the hydrox- 
yl group of Tyra6 forms a hydrogen bond to 
the phosphate of the displaced cytosine, 
and the aromatic ring of Tyra6 is simulta- 
neously stacked against the displaced cyto- 
sine and lies approximately orthogonal to 
the guanine ring 3' to the disrupted base 
pair. Thus, Tyra6 acts like a dam to hold the 
disrupted cytosine in place (Fig. 4, top). 
The intercalative complex is further stabi- 
lized on the minor groove side by hydropho- 
bic interactions between the methyl groups 
of Leuz7 and Leu3' and the displaced base 
pair, and by an electrostatic interaction 
from the side chain of Glnz6 to the exocy- 
clic amino group of the guanine of the C-G 
base pair 5' to the tryptophan and to the 
phosphate of the G-C base pair 5' to the 
intercalation site. 

The conformation of proteins presently 
known to intercalate a side chain (or side 
chains) into DNA exhibit no commofi 
structural motif with regard to their DNA 

binding surfaces (Fig. 1). LEF- 1 and SRY 
are essentially helical proteins that present 
a boomerang- or L-shaped concave bind- 
ing surface to the DNA. TBP is saddle- 
shaped with a DNA binding surface 
formed by a 10-stranded antiparallel P 
sheet. PurR and ETSl have bipartite DNA 
binding surfaces with a helix-turn-helix 
major groove recognition motif and an 
additional helix (which in the case of 
PurR is also Dart of the dimerization inter- 
face) that presents the intercalating wedge 
to the adjacent minor groove (Fig. 1). In 
general, the protein topology at the DNA 
binding surface is complementary to that 
of the distorted DNA structure, with only 
modest changes in protein conformation 
upon binding to DNA. On this basis, the 
protein binding surface represents the 
driving force for induced fit of the DNA - 
conformation during the process of molec- 
ular recognition of the DNA sequence at 
the site of insertion. Upon binding DNA, 
there is a substantial change in accessible 
surface areaofor these proteins, with more 
than 1000 A2 of surface buried, -70% of 
which is hydrophobic in the case of TBP, 
SRY, and LEF- 1. For PurR and ETS 1, the 
minor groove interaction surface in the 
vicinity of the intercalating side chain is 
predominantly hydrophobic, but the bal- 
ance of the DNA binding surface is both 
hydrophobic and hydrophilic. The protein 
and DNA surfaces at the minor eroove 
binding interface are packed tightG with 
nonpolar amino acids lining the floor of 
the interaction surface, whereas polar ami- 
no acids are distributed either at the edges 
or as bumps in the floor, poised to interact 
with either the phosphates or the base 
nitrogens or oxygens, respectively. 

intercalation takes place is indicated in yellow (see Table 1). The graphics for this figure, as well as for Figs. 3, 4, and 6, were generated with the program 
GRASP (53). 
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Distortion of DNA Structure upon 
Minor Groove Intercalation 

The helical structure of the DNA is altered 
significantly as a consequence of side chain 
intercalation. In order to accommodate the 
intercalating side chain, the minor groove is 
widened, reducing the helical twist locally 
and introducing a significant positive roll at 
one or more base steps (I  I). The definitions 
of the various terms used to describe the 
DNA structure are illustrated schematically 
in Fig. 5, and ribbon diagram representa- 
tions of the DNA in the complexes with 
SRY, TBP, PurR, and ETSl are shown in 
Fig. 6. 

The extent of unwinding varies be- 
tween 5" (for the ETS1-DNA complex) 
and 20" (for the TBP-DNA complex) at 
the intercalation site, with a positive roll 
of 20" to 50" introduced at the disrupted 
base step (Table 1). To accommodate the 
intercalating side chain, thc helical rise of 
the DNA increases to 4 A in tbe SRY- 
DNA complex and up to 6 to 7 A in the 

Fig. 3. Intercalating 
wedges of minor groove 
DNA binding proteins. 
The molecular surface of 
each protein-DNA com- 
plex is shown in gray scale 
for DNA, red for the hy- 
drophobic protein side 
chains, and yellow for the 
protein residues that act 
as electrostatic anchors. 
The wedge is T-shaped 
for SRY [from left to right: 
Metg, lle13, Phe12, Trp43, 
and Asn10 (yellow)], LEF-1 
(not shown) (50), and PurR 
[from left to right: LeuS4, 
LysSS (yellow), Ala51, 
(yellow), and their sym- 
metry-related partners 
(above)]. Two examples of 
the wedge from aTBP: the 
side chains in the left mol- 
ecule (from left to right) are 
ArgS6 (yellow), PheS7, 
Phe74, Ser76 (yellow), and 
L ~ S ~ ~ ;  the side chains in 
the right molecule (from 
left to right) are Leu145, 
Phe148, Pro149, Phe165, 
Ser167 (yellow), and 
LyslW. In ETS1, the inter- 
calative wedge is formed 
(from left to right) by Leu31, 
Leu27, Trp28, and Gln26 
(yellow). To the right in 
each figure is a mechani- 
cal model depicting in a 
schematic manner the 
mode of side chain inter- 
calation in each case. In 
the case of TBP only the 
left model is schematized. 

case of the PurR-DNA and ETS1-DNA 
complexes. The larger helical rise is cor- 
related with the depth of penetration by 
the leading edge of the wedge (Fig. 2). 
The consequence of intercalation by ETSl 
and PurR is a kink in the DNA (5, 8). 
Kinking is the result of unstacking a single 
base step and rolling open the base planes 
to introduce a sharp, localized bend (9, 
12). SRY, LEF-1, and TBP extend their 
kinks along the length of the interaction 
surface by partial unstacking and rolling of 
several additional base steps, distributing 
the energy penalty for altering the DNA 
conformation over several base pairs with- 
in one helical turn. By kinking and rolling 
the DNA, SRY, LEF-1, and TBP bend the 
helix over a full turn and introduce a 
significant lateral displacement between 
the incoming gnd outgoing helix axis (for 
example, 18 A in the case of the TBP- 
DNA complex). The recovery to B-DNA 
geometry is rapid in the TBP-DNA and 
PurR-DNA complexes, which return to 
B-like helical twist, rise, and minor groove 

width within two base steps either 5' or 3' 
to the intercalation site; in the SRY-DNA 
and ETS1-DNA complexes, the recovery 
of the DNA to B-helical parameters occurs 
within five base steps. 

The predilection of a particular DNA 
sequence toward specific helical distortions 
has been the subject of many experimental 
(13) and theoretical analyses (14) that in- 
dicate that flexibility and bendability con- 
tribute significantly to the ability of a pro- 
tein to bind to a specific target. Studies of 
nucleosomal DNA (15) and DNA bound 
by the catabolite gene activator protein 
CAP (16) suggest that compression of the 
minor groove is more favorable in A-T-rich 
sequences, whereas G-C-rich sequences 
tend to distort with major groove compres- 
sion. Indeed, ETSl and PurR narrow the 
major groove at CpC and CpG steps, re- 
spectively (Table 1). In TBP, SRY, and 
LEF-1, however, DNA binding at A-T-rich 
sequences widens the minor groove and 
helically unwinds the DNA, driving the 
helix geometry toward an alternative con- 
formation that is more akin to an A-type 
helix (1 7). It is now clear that the flexibil- 
ity of DNA is dependent not only on the 
base composition at a target site (18) but 
also on the sequences in regions flanking 
those sites (19). Analysis of dinucleotide 
geometries from the database of B-DNA 
crystal structures begins to shed light on the 
choice of target sequence at which interca- 
lation takes place. CpG, GpG (that is, 
CpC), ApG, and, to a lesser extent, ApA 
steps have lower average twist relative to 
other dinucleotide steps (20). Moreover, 
the helical twist at dinucleotide steps is 
inversely related to the roll angle, that is, a 
lower average twist is correlated with an 
increased positive roll (20). It is possible, 
therefore, that proteins that alter DNA 
structure through minor groove intercala- 
tion target certain sequences, at least in 
part, based on this inherent tendency of 
certain dinucleotide steps to underwind and 
roll. These effects may be additive in A-T- 
rich segments because TBP, SRY, and 
LEF-1 prefer targets with a string of 3 to 5 
bp of A-T-rich sequence and underwind the 
DNA over nearly a full turn of helix. One 
cannot, however, fully account for target 
identification by minor groove intercalators 
on the basis of dinucleotide geometries 
alone. TpA is targeted by TBP; yet, on 
average, it is the least underwound in B- 
DNA crystal structures (20). TpG in SRY is 
not as rolled to open the minor groove as is 
TpT (that is, ApA), even though TpG can 
potentially occupy the broadest range of 
conformational space (21 ). 

There are distinct chemical differences 
in the minor groove surfaces of A-T versus 
G-C base pairs (22). A-T base pairs have 
hydrogen bond acceptors in the minor 
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groove at the N3 and 0 2  nositions of ade- " 
nine and thymine, respectively. G-C base 
pairs, in contrast, have both hydrogen bond 
donors (the 2-amino group of guanine) and 
hydrogen bond acceptors ( 0 2  and N3 at- 
oms of cytosine and guanine, respectively). 
Thus, a G-C base pair may be distinguished 
from an A-T base nair on the basis of its 
relative ability to form certain types of hy- 
drogen bonds. A G-C base pair may also be 
distinguished from an A-T one on the basis 
of steric clash in the minor groove because 
the A-T base pair lacks the bulky exocyclic 
amino group of a guanine. Indeed, some 
minor groove binding drugs identify G.C 
base pairs by hydrogen bond formation to 
the exocyclic amino group of guanine (10). 
By steric avoidance of this group, drugs such 
as thiotronsin choose A-T base oairs (23). . , 

Hydrogen bond formation to the exocyclic 
amino group of a guanine has also been sug- 
gested to influence the anisotropic flexibility 
and bendability of DNA, which could in turn 
significantly influence the choice of target by 
an intercalating DNA binding protein whose 
chief objective is to kink or bend DNA (24). 
Yet, SRY and LEF-1 use the same amino acid, 
namely a tyrosine, albeit at a slightly different 
position in the sequence, in very similar con- 
formational arrangements (6, 7) to distin- 
guish two A-T base pairs in an SRY target 
sequence (AACAAA) from two T-A base 
pairs in a LEF target sequence (TTCAAA), 
respectively (25), even though these base 
pairs look virtually identical in the minor 
groove with respect to their ability to form 
certain types of directional interactions (22). 
This arrangement leaves the more subtle hy- 
drophobic effects in the minor groove as the 
distinguishing chemical principle. Thus, for 
example, the surface of adenosine in the mi- 
nor groove is more hydrophobic than that of 
a guanine, owing to the presence of a proton 
in the 2-position in the case of the former and 
its replacement by an amino group in the case 
of the latter. 

Protein-DNA Interactions 
in the  Minor Groove 

The interaction of minor groove intercalat- 
ing proteins with DNA is primarily hydro- 
phobic at the site of insertion. For TBP, 
SRY, and LEF- 1, these nonpolar interactions 
extend over most of the interaction surface 
between the ~rote in  and the DNA. Base 
recognition occurs through van der Waals 
interactions between p- or y-branched ami- 
no acids (Val, Ile, or Leu) or the faces of 
aromatic amino acids (Phe or Tyr) and the 
minor groove edges and faces of the DNA 
bases. Relatively few hydrogen bonds be- 
tween nrotein side chains and the DNA 
bases are present at the interface, with Ser 
(SRY), Thr (TBP), Asn (SRY, LEF-1, and 
TBP), or Tyr (SRY) forming base-specific 

hvdrogen bonds with either the adenine-N3. , " 
thymine-02 atoms, or the exocyclic amino 
group of guanine. There appears to be no 
correlated pattern of hydrogen bond forma- 
tion between a DNA base and a particular 
amino acid. No water-mediated contacts 
with DNA bases are observed in the aTBP, 
yTBP (4), SRY (26), PurR (8), or ETSl (26) 
complexes, although water appears to play a 
role in stabilizing a compressed major groove 
in the aTBP complex (4). SRY, LEF-1, and 
TBP display extensive interactions with the 
sugar-phosphate backbone (4, 6, 7). Salt 
bridges or hydrogen bonds form between 
DNA phosphates and Lys or Arg residues of 
the protein at nearly every phosphate posi- 
tion at the protein-DNA interface, which 

includes water-mediated salt bridges with 
several phosphates in the case of aTBP (4). 
ETSl (5) and PurR (8) form less extensive 
contacts with the backbone of the DNA, 
with salt bridges formed at only one out of 
four possible phosphates at the intercalation 
site. Despite the numerous electrostatic con- 
tacts with the DNA backbone, complexes of 
SRY and ETSl are relatively resistant to 
titration with monovalent salts and appear 
to be stable to NaCl or KC1 concentrations 
greater than 0.8 M (27, 28). This property 
emphasizes the importance of hydrophobic 
interactions in stabilizing these complexes. 

The DNA distortions induced by minor 
groove intercalating proteins suggest a com- 
plex mechanism of sequence recognition. 

Fig. 4. Stabilization of base pair disruption by inter- 
calative DNA binding proteins in the minor (top) and 
major (bottom) grooves. Stabilization of the disrupt- 
ed base pair in the ETSI-DNA complex (top) is 
achieved through stacking interactions with TyP6 
that prevent the expulsion of Cyt7 (yellow) from the 
helix. The guanine partner of Cyt7 (Gua28, magen- 
ta) is stabilized through interactions with the inter- 
calating TrpZ8 (red, center). The remainder of the 
wedge is formed by Leuz7 and Leu3' (red, top, left 
to right) and Glnz6 (yellow, left). In the case of the 
major groove intercalating methyltransferases 
(middle and bottom), Hha 1 (37) stabilizes the or- 
phan guanine (red) by electrostatic interactions 
(blue hashed lines) with Gln237 (yellow in transpar- 
ent gray surface), which inserts from the major 
groove and partially stacks over the guanine 3' to 
the site of disruption. SeP7 (magenta) approaches 
from the minor groove and reinforces these con- 
tacts by hydrogen bond formation with the carbox- 
amide oxygen of Gln237. Hae 111 (38) stabilizes the 
guanine opposite the flipped-out cytosine (red) by 
re-pairing with a cytosine from the 3' base pair 
(magenta). The orphan guanine (magenta), now 3' 
to the flipped-out cytosine, is stabilized by electro- 
static interactions (blue hashed lines) with Arg243 
(lower yellow in transparent gray surface). The hole 
left by re-pairing bases is partially filled from the 
major groove by stacking of Ilezzl (upper yellow in 
transparent gray surface) over the guanine partner 
(red) of the flipped-out base. 

A 
n Fig. 5. Schematic illustration of the 

various helical parameters used to 
DNA structure. (A) Watson- 

pairing in DNA. (8) Pro- 
base pair as a three-di- 

mensional box viewed along the mi- 
nor groove of the base pair (shaded) 
(54). (C) Geometric definitions of 
twist, roll, tilt, and rise discussed in 
the text. The ~ositive sense of rota- 
tion is indicated in each case. 
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Although only limited data are available, 
binding kinetics for the interaction of the 
ETSl DNA binding domain (29) and yTBP 
(30-33) with their DNA targets indicate 
that the apparent association rate constant, 
kc,,, for these proteins is on the order of 0.3 
x lo6 to 1.5 x lo6 M-' s-', considerably 
slower than the diffusion-limited on-rate of- 
ten cited for DNA binding proteins (34). 
Off-rates for these proteins are relatively 
slow, with half-lives ranging from about 3 
min for the ETSl DNA binding domain 
(29) to about 60 min (depending on mono- 
valent salt concentration) for yTBP (30). 
Analysis of the binding kinetics for yTBP 
(30) and the full-length ETSl isoforms p51 
and p42 (28), however, indicate that differ- 
ent pathways can be followed to reach the 
final intercalated protein-DNA complex. Ki- 
netic modeling for the ETSl isoforms suggests 
the presence of an intermediate state that 
forms rapidly but is slowly converted to the 
final species (28). The lifetime of this inter- 
mediate state varies for the ETSl isoforms, 
with half-lives ranging from 5 s for p51 to 100 
s for p42 (28). In contrast, TBP kinetics ap- 
pear to be purely second order, with no hint of 
a stable intermediate being formed on the 
pathway to a final complex (3 1 ). 

Intuitively, the distortion of the DNA 
should pose the greatest barrier to complex 
formation, particularly for TBP, SRY, and 

Fig. 6. Schematic ribbon diagrams of the DNA 
bound to SRY, TBP, PurR, and ETSl compared to 
canonical B-DNA. The approximate directions of 
the helix axes are indicated by arrows. A-T base 
pairs are shown as blue and red, G-C base pairs as 
green and yellow, and the sugar-phosphate back- 
bone as blue and red ribbons. The ivory dot indi- 
cates the site of wedge intercalation in each case. 

LEF-1 , which helically unwind the DNA. If 
bending poses the greatest energy barrier, 
then a pre-bent sequence should have faster 
association kinetics, a phenomenon ob- 
served for yTBP (33) but not yet tested for 
ETS1. Moreover, the extent of DNA bend- 
ing appears to be directly proportional to 
the lifetime of the TBP-DNA complexes, 
that is, greater affinity parallels increased 
bending for a given site (35). Thus, binding 
and bending do not appear to be thermo- 
dynamically separable for TBP (3  1 ). In con- 
trast, DNA binding studies of a mutant of 
SRY [Met9+Ile (36)] and studies of LEF-1 
binding to a mutated target site with an 
A+T transversion [TTCAATG (7)] sug- 
gest that high-affinity binding can occur 
with substantially reduced DNA bending. 
This observation has led to the suggestion 
that the free energy of complex formation 
can somehow be partitioned between bind- 
ing affinity and DNA bending for the HMG 
domain proteins (36). A simpler explana- 
tion may be that alternative contacts form 
in these mutant com~lexes that are com- 
pensatory with respect to the free energy of 
binding but fail to drive the DNA distor- 
tion to completion. Only detailed structural 
analysis of these mutant complexes will per- 
mit a clear understanding of the linkage 
between sequence specificity and the DNA 
conformation that is induced upon binding. 

An Alternative Mode 
of Intercalation into the 

Major Groove 

The structures of two methyltransferase- 
DNA complexes indicate that an alterna- 
tive mode of intercalation is ~ossible in 
different functional environments [Hha I 
methyltransferase (37) and Hae 111 methyl- 
transferase (38)l. These enzymes completely 
"flip out" a cytosine base for modification 
by methylation. The hole left in the DNA 
helix is partly filled by protein side chains 
that a ~ ~ r o a c h  the DNA from the maior 

L s 

groove and stabilize the orphaned base 
through hydrogen bonding and van der 
Waals interactions (Fig. 4, middle and bot- 
tom). Gln237 in Hha 1 methyltransferase 
stabilizes the guanine that has lost its 
Watson-Crick partner by hydrogen bonding 
the carboxamide oxygen and main-chain 
amide hydrogen to the guanine N1, N2, 
and 0 6  atoms. The glutamine is deeply 
inserted into the DNA helix and stacks 
over the guanine 3' to the extrahelical cy- 
tosine without additional rearrangement of 
the neighboring base pairs in the target 
sequence. In the case of the Hae 111 meth- 
yltransferase-DNA complex, cytosine ex- 
~ulsion occurs with base pair rearrange- 
ments in the GGCC recognition element. 
In this instance, the orphaned guanine is 

Table 1. DNA helix parameters at the site of minor groove intercalation. Helix parameters were calculated 
with the program CURVES (48) or CompDNA (49) for the following DNA sequences: SRY 
(dG, CACAAAC8-dGSTTTGTGCl J (50), PurR (dA, CGAAWCGTITCGT, ,-dAI6CGAAWCG~C- 
GTS2), aTBP (dG, CTATAAAAGGGCA, ,-dT,,GCCCTTTTATAGC,J, yTBP (dG,TATATAAACGG,,-dG, ,- 
CGTmATATATAC2J, and ETSl (dT,CGAGGCCGGAAGlTCGA,,-dT,,CGAACTCCGGCTC-). The 
parameters are listed in order of increasing depth of penetration into the DNA helix by the leading edge of 
the wedge (aTBP and yTBP are equally penetrant). The base step at the intercalation site is indicated in bold 
type. Parameters for B-DNA or A-DNA are calculated from a canonical helix derived from the database of 
B-DNA or A-DNA crystal structures (49). The values for the helical parameters are reported as averages of 
the calculationsfrom the two programs, which varied no more than 3" fortwist, 2" for roll, and 3" (in the case 
of the ETS1-DNA complex only) for tilt. The calculation of rise varies widely and is reported as CURVES/ 
CompDNA measurements. Groove widths are reported relative to the shortest distance in canonical 
6-DNA, 04'(,) - 04'(,. + ,),,in the minor groove and Po) 7 P(,. + ,, in the major groove, where i is the nucleotide 
on the sense strand and I IS the nucleotide on the ant~sense strand, less twice the van der Waals radius of 
oxygen (1.4 A) or phosphorus (2.9 A), respectively. These distances are 04'(,) 7 04'(,. + and P(,, - P,,. + 

5) in A-DNA. For the distorted DNAs, the shortest distance observed in the mlnor or malor groove at the 
center of the intercalated base step is reported in parentheses as calculated by the program CURVES (48, 
51). The kink anale is calculated between the incomina and outaoina cvlindrical axes of the B-like mrtion of 
the distorted D ~ A  structures; for SRY, this is determined from God2 building as a result of the shortness of 
the DNA duplex studied (6). 

Groove width 

Protein Step Twist Roll Tilt Rise Kink 
("1 ("1 ("1 (a) Minor Major ("1 

groove (A) groove (A) 

SRY ApA 23 21 1 
PurR CpG 26 49 0 
aTBP TpA 15 47 - 8 

ApG 26 43 3 
yTBP TpA 21 46 -0.8 

ApA 18 38 2 
ETSl CpC 31 48 -1 1 
B-DNA 36 0.2 0 
A-DNA 31 7.5 0 
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not the partner of the extrahel~cal c\-tosine, 
rather it is the guanine from the base pair 3' 
to the site of expulsion. The guanine part- 
ner of the extrahelical cytosine re-pairs 
\vith the 3' cytosine in a highly propeller- 
tlvisted Watson-Crick fashion, stabilized 
by partial major groove intercalation and 
stacking of the y and 6 methyl groups of 
IleL21 over the guanosine ring. The un- 
paired g ~ ~ a n i n e  is stabilized by hydrogen 
bondillg interactions between the N7 atoll1 
of the base a~nd the guanid~nium group of 
Arg'4'. Thus, despite the different roles of 
intercalation in DNA modification and 
transcriptional regulation, s t r~~ctural  paral- 
lels exist in the lnlanner in which distorted 
DNA structures are stabilized. 

Structural Determinants of 
Biological Function 

N ~ ~ ~ n n e r o ~ ~ s  biological filnctions that use se- 
il~~ence-encoded information in DNA are 
denendent on distally bounil nroteins often 
several kilobases away from the point of 
influence (3) .  The idea that a cis-actinp 
elenlent can simpl\- be a structural determi- 
nant \\.as first ilelnonstrateJ for E.  coli inte- 
gration host factor (IHF), a protein that 
promotes the assembly of the bacteriophage 
X intasollne through protein-induced DNA 
bending (39). The ability to functionally 
replace an IHF-induced hend with a pre- 
bent DNA sequence or an appropriately 
phased bend induced by an alternative pro- 
tein established that architectural elellnents 
play a critical role in n~lcleoprotein assern- 
bly (40). Preliminary crystallographic evi- 
dence suggests that IHF partially inserts a 
proline at an ApA step in the nninor groove 
(41 ), placing IHF in the category of minor 
groove intercalating proteins. 

Understanding 11o\\~ higher order struc- 
tures assemble req~~ires  kno\vledge of the 
nature of the protein-protein interactions 
that inevitably form beta~een ilifferent com- 
ponents a ~ h e n  DNA is locall\- bent by an 
architectural protein. The ilnteractions be- 
taJeen   rote ins bound to distinct DNA tar- 
gets that additionally interact with each 
other seem to he lnediated by acidic do- 
mains that hv themselves are noorlv struc- 

L ,  

cured (42) but ma\- be capable in certain 
cases of for~nillg elelnents of regular second- 
ary structure under conditions that ma\- 
lnilnic the environment of a condensed 
state in a nucleonrotein assemblv. Thus, it 
appears that a cooperative assembly path- 
way exists in which architect~lral proteins 
bend DNA, bringing distantly hound pro- 
teins into contact, thereby sti~nulating pro- 
te in-~rotein interactions to comulete the 
process. Structures of two such protein-pro- 
tein ilnteraction dolllains from proteins in- 
volved in the basal transcription machinery 
(2) ,  one from TFIIB (43) and the other 

fro111 TFIIS (44) ,  ilndicate that these two 
domains contain a colln~nnon s t r ~ ~ c t ~ ~ ~ a l  ele- 
ment, namely a zinc ribbon. The first in- 
sight into the condensed state of a nucleo- 
protein assennhly has been revealed from 
the structure of the core protein binding 
domain of TFIIB bo~lnd to a TBP-DNA 
colnplex (45). This structure provides the 
first picture lnot only of the protein-protein 
interactions associated with an architectur- 
al protein (TBP) a ~ h e n  hound to DNA, but 
also of the additional role DNA bendi~ng 
can play in positioning target sequences 
such that the\- interact with lnlore than one 
protein si~n~~ltaneously (45). 

The critical ilnportance of DNA binding 
architectural proteilns in the control of tran- 
scription is apparent fronl the consequence 
of a loss of regulatory control in lnalnlnalian 
sex deter~nination. Fifteen percent of 
known cases of 46X,Y sex reversal in hu- 
lnans are the result of a failure of the SRY 
protein to slvitch on the develop~nent of 
the testes from the bipotential embr\-onic 
gonad, res~~lt ing in phenotypic fe~n~ales with 
a ll~ale karyotype. In all hut one case, the 
loss of SRY function occurs as a result of 
point mutations or deletions in the DNA 
binding ilornain of the protein that directl\- 
disrupt the ability of SRY to promote the 
assembl\- of a higher order structure ( 6 ,  45). 
These include a mutation of the intercalat- 
ilng side chain Ile" to a Thr, and a mutation 
of Met" ,which is part of the hydrophobic 
intercalative \vedge, to Ile. Hence the ar- 
clnitect~lral conlponents of the transcription 
lnachinery are just as critical to f~lnction as 
the enzylnological ones. 

DNA bending has long been recognized 
as an innportant colnponent of L~iological 
activity. Ilntercalatioln represents only one 
llnechanisln b\- which protein-induced DNA 
bending can occur (47). h4any questions re- 
main unanswered, in particular the ill-under- 
stood nature of sequence recognition in the 
nninor groove. While some of the pertinent 
principles are beginning to be ~lnraveled 
based on the structures described above, the 
relative lack of directional contacts (that is, 
salt bridges or hydrogen bonds) leaves open 
the il~lestion of how the sequence is initially 
located and recognized. Nevertheless, some 
colnnlon feat~lres have emerged from the 
structures of these intercalative proteins, but 
as is frecluentl\- the case in matters of molec- 
ular recognition, there is a wide diversity of 
architectural frame~rorks upon which a par- 
ticular recognition theme may be grafted; 
nature has numerous wa\-s to evolve filnc- 
tionallv related activities. 
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