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The DNA Binding Arm of A Repressor:
Critical Contacts from a Flexible Region

NEIL D. CLARKE,* LEsA ]J. BEAMER,T HARRY R. GOLDBERG,

CAROL BERKOWER, CARL O. PABOF

Segments of protein that do not adopt a well-ordered conformation in the absence of
DNA can still contribute to site-specific recognition of DNA. The first six residues
(NH,-Ser'-Thr?-Lys®-Lys*-Lys®>-Pro®-) of phage A\ repressor are flexible but are
important for site-specific binding. Low-température x-ray crystallography and codon-
directed saturation mutagenesis were used to study the role of this segment. All of the
functional sequences have the form [X]'-[X]?-[Lys or Arg]3-[Lys]*-[Lys or Arg]®-
[X]S. A high-resolution (1.8 angstrom) crystal structure shows that Lys® and Lys* each
make multiple hydrogen bonds with guanines and that Lys® interacts with the
phosphate backbone. The symmetry of the complex breaks down near the center of the
site, and these results suggest a revision in the traditional alignment of the six A

operator sites.

LTHOUGH THE WELL-CHARACTER-

ized DNA binding motifs (helix-

turn-helix, zinc finger, and so forth)
use stably folded units of secondary struc-
ture for recognition, flexible regions can also
contribute to site-specific recognition. Un-
fortunately, crystallographic studies of such
segments are difficult because residual disor-
der in these segments may result in a poor
electron density map. In order to address
these problems in studying a flexible DNA-
binding segment of \ repressor, we (i) de-
termined the crystal structure of the repres-
sor-operator complex at low temperature to
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reduce thermal motion and (ii) performed
an exhaustive genetic and biochemical anal-
ysis to test the functional relevance of the
observed crystal structure.

We have focused on the first six residues of A
repressor. This segment has been referred to as
an “arm” because of the way it wraps around
the operator DNA (see Fig. 1). Nuclear mag-
netic resonance (NMR) experiments clearly
show that this segment is flexible in solution

_(1). Previous crystallographic studies of the

protein by itself or of the protein bound to
DNA showed only weak electron density for
the arm (2, 3). However, despite its inherent
flexibility, the arm plays a critical role in DNA
binding and deletion of the arm results in a
greater than 8000-fold reduction in DNA
binding affinity (4).

The NH,-terminal arm of \ repressor has
the sequence (NH,-Ser'-Thr?-Lys®-Lys*-
Lys®-Pro®-). In order to understand how this
segment contributes to DNA binding, we first
tested the functional significance of each resi-
due. In separate experiments, each codon in the
arm was randomly mutated by oligonucleotide
cassette mutagenesis of a plasmid-borne gene
encoding the amino-termirial domain of A re-
pressor (5). Subsequent transformation into
Escherichia coli and selection for resistance to
phage infection allowed us to identify a large
number of functional sequence variants in the

REPORTS 267



NH,-terminal arm. A list of the functional
substitutions we identified is given in the top
part of Table 1.

It is clear from Table 1 that residues 3, 4,
and 5 are very important for repressor func-
tion: only Arg and Lys are acceptable at
positions 3 and 5 and only Lys is functional
at position 4. Residues 1, 2, and 6 are less
important and there are many functional
substitutions at these positions (6). Variants
with a deletion of the Ser! codon (Al) or a
deletion of both the Ser' and Thr* codons
(A1-2) also were functional, and thus it does
not appear that Ser' and Thr’ make any
critical contacts with the DNA (7).

We verified the importance of residues 3,
4, and 5 by introducing specific substitu-
tions at these positions by site-directed cas-

sette mutagenesis and testing the-ability of .

these variants to confer resistance to phage
infection. In particular, we introduced Ala
and Met at residues 3, 4, and 5 and intro-
duced Arg at residue 4. None of these
variants conferred phage resistance.

This test for phage resistance gives only a
crude indication of the affinity with which a
repressor variant binds DNA. In order to fur-
ther assess the DNA binding activity of the
variant proteins, we measured their ability to
repress expression of B-D-galactosidase from a
lacZ fusion under the control of the APy
promoter (8). Results of the B-D-galactosidase

1 2 3 4 5 6 7 8 9

[ TATCACCGG/CAGTGGTA
ATAGTGGCG[GTIcAC|C[AT

8 7 6 5 4 3 21

Fig. 1. (A) Schematic drawing of the repressor
O_1 complex, with an emphasis on the confor-
mation of the NH,-terminal arm. The five a-hel-
ices of the consensus half-site mohomer are la-
beled 1 through 5. The arm is drawn in thick
black lines and represents the conformation of the
consensus half arm as determined in this work.
The side chains for Lys®, Lys%, and Lys® are
labeled K3, K4, and K5. The nonconsensus’ half
arm is poorly defined in the electron density maps
and is not shown in this schematic. (B) The Oy 1
operator sequence. The consensus base pairs are
enclosed in boxes. One half-site (that includes the
central base pair) matches the consensus sequence
[TATCACCGC] determined from the six A oper-
ators and is called the consensus half-site. The
other half differs from the consensus sequence at
two positions, in addition to the central base pair,
and 1s referred to as the nonconsensus half-site.
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repression assay for substitutions at positions 3,
4, and 5 are shown in Fig. 2. Each of the Ala
and Met substitutions at these critical positions
results in similarly poor repression of B-b-
galactosidase expression. It is possible that the
DNA-induced structure adopted by these resi-
dues is highly cooperative and that mutation of
any of the residues disrupts the contacts made
by all. These results also show that Arg is not
functional at position 4; in fact, it is no better at
this position than Ala or Met. Only the Lys
side chain is capable of making the appropriate
contacts with the operator DNA.

Gel-shift assays were used to determine the
in vitro binding activities for eight mutants (9).
Most of these had been selected as functional
variants (Ala%, Lys?, Al-2, Arg3, Arg®, Ala®,
and Gly®). One nonfunctional, site-directed
mutant (Ala®) was also tested. The functionally
selected variants all have binding affinities for
the Oy 1 operator site within threefold that of
wild type, while the nonfunctional Ala® mutant
binds about -300-fold worse than wild type.
These results confirm that the repression of
lytic growth provides a tight selection for func-
tional repressor activity and that the in vivo
repression of B-D-galactosidase from APy-lacZ
fusions (which was. measured for all of the
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Fig. 2. In vivo repression of the Oy operator
region by sequence variants at positions 3, 4, and
5. The bar graphs show B-D-galactosidase activi-
ties expressed from an Og::lacZ fusion in cells
containing repressor with the indicated arm se-
quence (8). The residue number is indicated at the
top of each graph; the bottom of each graph gives
the amino acid at that position. A black bar
indicates that the amino acid was identified by the
functional selection. A gray bar indicates an ami-
no acid substitution that was introduced by site-
directed cassette mutagenesis and that was verified
to be inactive by the phage-resistance criterion.
B-D-Galactosidase activity was assayed in US3/
2200 (8) cells transformed with the relevant re-
pressor gene and with a compatible plasmid con-
taining the LacI?® gene under non-inducing
conditions.

mutants in this study) is a useful measure of
relative binding affinity to the Og_region of \.

In order to understand the structural basis
for the importance of Lys®, Lys*, and Lys® in
recognition, we collected high-resolution crys-
tallographic data at low temperature (about
—15°C). We expected that this would reduce
radiation damage to the crystals and also hoped
it would reduce the thermal motion of the arm.
This data set was used to refine the structure of
the \ repressor-operator complex to a resolu-
tion of 1.8 A (10). Electron density for the arm
that binds to the consensus half-site improved
dramatically with this new data (11). Our mod-
el for this arm and the electron density in which
it was built are shown in Fig. 3A. The electron
density is well defined for residues 3 through 6.
The density remains poor for Ser' and Thr?,
but the genetic analysis indicated that these two
residues do not make any important contacts to
the operator, and it does not appear that they
are constrained to any particular conformation
in the complex. On the other half-site, the arm
is not well ordered; this may reflect a funda-
mental difference (discussed below) in the rec-

Table 1. Listing by residue number of the
functional sequence | variants and of some
nonfunctional variants; the first entry in each
column is the wild-type residue. At each
position, the wild-type residue was recovered in
the functional selection. Nonfunctional variants
at positions 3, 4, and 5 were introduced by site-
directed mutagenesis. Nonfunctional variants at
residue 6 were obtained by sequence screening
of a restricted random-oligonucleotide cassette
mutagenesis experiment; A in the residue 2
column indicates a deletion of codons 1 and 2.
The order in which the variants are listed has no

particular significance. For details of the
mutagenesis experiments, see (5).
Residue number
1 2 3 4 5 6
Functional variants
Ser Thr Lys Lys Lys Pro
Ala Ala Arg Arg Lys
A A Arg
Lys Lys Ala
Asn Ser Val
Val Asn Cys
Thr Met Ser
Gly Tyr Leu
Arg  His Gly
Pro Leu
Ile Ile
His Val
Leu Phe
Gln
Pro
Asp
Cys
Nonfunctional variants
Ala Arg Ala Asp
Met Ala Met Asn
Met - Glu
Gin
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ognition of the two half-sites (12, 13).

As was apparent in the initial structure de-
termination (done at 2.5 A resolution and
room temperature), the arm extends away from
the globular part of repressor’s NH,-terminal
domain and wraps around the DNA, roughly
following the major groove toward the center
of the operator site (3). Lys® and Pro® appear
to help direct the arm into the major groove:
Lys® makes hydrogen bond or salt-bridge in-
teractions with the phosphate backbone, and
Pro® restricts the number of accessible confor-
mational states. Although Pro® is not essential,
both the B-D-galactosidase repression assay and
the gel shift assay show that Pro is better than
Ala at this position and that Ala is better than
Gly.

The improved electron density obtained
in this study has given us a better under-
standing of the contacts made by Lys* and
has led us to completely reinterpret the role
of Lys®. The side chain of Lys* makes
specific contacts to guanines at positions 6
and 7 of the operator (Fig. 3B). The side-
chain nitrogen (which is protonated and has
three hydrogens at physiological pH) partic-
ipates in three hydrogen bonds: to the O-6
oxygen of guanine 6 (G6), to the O-6
oxygen of G7, and to the oxygen of the
amide side chain of Asn®®. The nitrogen of

the Asn amide hydrogen bonds to the N-7
nitrogen of G6. This extensive hydrogen-
bond network involving Lys*, two bases in
the DNA, and a side chain from the globular
part of the protein clearly explains the strict
requirement for Lys at position 4 (14).

Lys® also hydrogen bonds to two guanines
in the major groove: to G8 and to G9, which is
on the opposite strand at the center of the
operator site (Fig. 3B). Since earlier models
had either the main chain or side chain of Thr?
at this position, we performed two experiments
to substantiate this new model and to provide
evidence for this structure in solution. First, we
found that protein expressed from a gene with
a deletion of codons 1 and 2 fully protects G8
from methylation by dimethysulfate, whereas
there is no protection if the protein lacks resi-
dues 1,2, and 3 (4, 15). This result is consistent
with a direct contact between Lys® and GS8.
Second, competition experiments in which a
gel-shift assay was used indicate that DNA
binding by wild-type protein (which has Lys at
position 3) is much more sensitive to a GC —
AT change at base pair 8 than is the Ala®
mutant protein (16). Again, this result is con-
sistent with the direct Lys®>-G8 contact we
observe crystallographically (17).

The high-resolution structure also reveals
a direct contact between the backbone car-

Fig. 3. (A) A stereo diagram of the calculated electron density for a 2F, — F, “omit” map in the region
of the NH,-terminal arm (contoured at 10). In order to ensure a rigorous test of the model, residues
1 to 6 were omitted from the structure and the rest of the atoms were subjected to molecular dynamics
simulated annealing in XPLOR (20) before calculating the map. The residues of the arm are shown in
red, and the DNA is in green. The orientation is similar to that shown in (B). Because of the poor
electron density for Ser' and Thr?, the conformations of these residues should be considered tentative.
(B) Stereo diagram showing the NH,-terminal arm that contacts the consensus half-site. Base pairs 6
to 9 on the consensus half-site of O 1 are shown in blue. Residues 1 to 6 are labeled; C atoms are in
red, N atoms are in purple, and O atoms are in orange. Dashed black lines indicate hydrogen bonds
between the protein and the DNA or between side chains. Lys® and Lys* contact guanines in the major
groove of the operator site; Lys® contacts a phosphate group. The hydrogen bond between the peptide

backbone and C8 is also shown.
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bonyl for Lys® and the extracyclic amine of
C8 (Fig. 3B). Thus, the side chain of Lys®
interacts with the guanine of base pair 8
while the backbone of Lys® interacts with
the cytosine of the same base pair. To our
knowledge, a contact between the polypep-
tide backbone and a base in the major
groove of DNA has not been reported pre-
viously. In addition, there appears to be a
water-mediated hydrogen bond between the
backbone amide of Lys® and a phosphate.

Because the arm makes specific contacts to
base pairs 6, 7, 8, and 9 on one half of the
O_ 1 site, it may be appropriate to revise the
traditional sequence alignment of A operator
sites (18). If the alignment of O;2 is re-
versed, as it has been in Fig. 4, we find that
the consensus half-site of each of the six A
operators perfectly matches these four base
pairs (with the exception of a mismatch at
base pair 9 in one operator) (19). In this
new alignment, the consensus half-sites are
also identical at base pairs 4 and 5, which are
known to be energetically important resi-
dues on the consensus half-site of Og1 (12).
The sequence conservation of the bases con-
tacted by the arm suggests that the asymme-
try of arm binding evident in the Ol
complex structure also occurs with the other
operators, and that the structure of the
consensus half-site arm is likely to be similar
for each repressor-operator complex. For
similar reasons, we expect the nonconsensus
half-site arm for each repressor-operator
complex to be less well ordered and less
important energetically than the consensus
half-site arm.

The structural and genetic studies report-
ed here provide a clear picture of how a

OL1
Or1
oL2 z
oL3 R
|
OR2 %@
OR3 %
. @

Fig. 4. The six A operator sequences listed in
order of affinity of repressor binding. Nonconsen-
sus base pairs are shown in boxes. Highly con-
served base pairs are highlighted in gray. The O, 2
sequence has been inverted relative to its conven-
tional orientation to emphasize the highly con-
served region at positions 4 to 9 on the consensus
half of the operator.
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particular flexible segment can contribute to
site-specific DNA binding. The arm clearly
has an important role in the M\ repressor-
operator interactions. The extent to which
such segments are used in DNA binding
may be underestimated, since some flexible
segments may lack the sequence similarities
that facilitate the study of well-structured
DNA binding motifs.
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Structure and Stability

of X:G-C Mismatches in the

Third Strand of Intramolecular Triplexes

ROMAN F. MacAya, DARA E. GILBERT, SHIVA MALEK,

JANET S. SINSHEIMER, JULI FEIGON

Intramolecular DNA triplexes that contain eight base triplets formed from the folding
of a single DNA strand tolerate a single XG-C mismatch in the third strand at acidic
pH. The structure and relative stability of all four triplets that are possible involving a
G-C Watson-Crick base pair were determined with one- and two-dimensional proton
nuclear magnetic resonance techniques. Triplexes containing A‘G-C, G'G-C, or T-G-C
triplets were less stable than the corresponding parent molecule containing a C-G-C
triplet. However, all mismatched bases formed specific hydrogen bonds in the major
groove of the double helix. The relative effect of these mismatches on the stability
of the triplex differs from the effect assayed (under different conditions) by
two-dimensional gel electrophoresis and DNA cleavage with oligonucleotide

EDTA-Fe(Il).

RIPLE HELICAL NUCLEIC ACID
structures formed from one ho-
mopurine and two homopyrimidine
RNA sequences were proposed more than
30 years ago (1). Recent evidence indicates
that such DNA sequences may also fold back
on themselves to form intramolecular tri-

Department of Chemistry and Biochemistry and Molec-
ular Biology Institute, University of California, Los
Angeles, CA 90024.

plexes, termed H-DNA (2), when contained
in supercoiled plasmids; moreover, these
structures may be relevant in vivo (3). Tri-
plex formation is currently being widely
investigated because of potential therapeutic
applications in the specific inhibition of
transcription (4) and for use'in chromosome
mapping  (5). Proposed models for
pyrimidine-purine-pyrimidine DNA triplex-
es have the second pyrimidine strand
Hoogsteen base-paired to purines in the
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