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Mutant Trp Repressors with New
DNA-Binding Specificities

STEVEN BASS,* VINCENZA SORRELLS,T PHILIP YOUDERIAN

Oligonucleotide-directed mutagenesis of the codons for
glutamine-68 (GIn®®), lysine-72 (Lys’?), isoleucine-79
(Ile”), alanine-80 (Ala®%), and threonine-81 (Thr?!) of
the Escherichia coli trpR (tryptophan aporepressor) gene
was used to make mutant repressors with each of 36
different amino acid changes. Mutant repressors were
tested for binding to each member of a set of 28 different
operators closely related to the consensus trp operator. Of
the 36 mutant repressors, 11 bind a subset of the 28
operators; 5 of these have new binding specificities. These
new specificities indicate that the hydroxyl group of Thr®'

makes a specific contact with one of the four critical base
pairs in a trp operator half-site, and the methyl group of
Thr®! determines specificity at a second, critical base pair.
The Trp repressor does not use the first two amino acids
of its “recognition a-helix,” Ile’”” and Ala®, to make
sequence-specific DNA contacts, and interacts with its
operator in vivo in a way fundamentally different from
the way that phage lambda repressor, lambda Cro pro-
tein, and coliphage 434 repressor contact their respective
binding sites.

tions have advanced our understanding of the nature of the
specific, weak chemical interactions between DNA-binding
proteins and their recognition sites. Detailed solutions of the
structures of three protein-DNA cocrystals, endonuclease Eco RI
bound to its site (1), coliphage 434 repressor bound to its operator
(2), and the amino-terminal domain of A repressor bound to its
operator (3), indicate that the ability of these proteins to bind DNA
selectively is determined by a small number of specific hydrogen
bonds (H bonds) and van der Waals interactions between functional
groups on amino acid side chains and nucleotide bases.
However, detailed crystal structures have not been determined for
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Fig. 1. Three views of a A
Trp repressor dimer
docked with B-form
DNA. (A) Schematic
representation  of the
docked complex. The a-
helices of Trp repressor
are represented by cylin-
ders, and the operator
DNA is shown as a lad-
der with rungs repre-
senting base pairs. The
four base pairs in each
operator halfsite critical
for binding are indicated
by thicker rungs; dots in
the centers of each mole-
cule designate dyad axes.
(B) Representation of
the complex from the trigonal crystal structure of Trp repressor: (8). The four
critical operator base pairs are highlighted in yellow, as are the amino acids
changed by mutation. (C) Operator binding surface of the Trp repressor
mapomer. Residues GIn®, Lys’2, Ile’®, Ala®, and Thr® are numbered. It is
possible that in the bound repressor-operator complex, the DNA is un-
wound or kinked near the center of symmetry of the operator, and has a
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most DNA-binding proteins, in the absence or in the presence of
DNA. Nonetheless, a number of crystal structures are known for
several DNA-binding proteins in the absence of their sites, including
Cro protein (4, 5), Escherichia coli catabolite activator protein (6, 7),
and E. coli Trp (tryptophan) repressor (8, 9). Models of the specific
interactions between these proteins and their sites have been
inferred from these crystal structures as starting points (5-14). The
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secondary structure significantly distinct from the B form, as is the case for
the bound Eco RI and phage 434 repressor complexes (1, 2). Distortion of
the central region of the operator might be favored by the hydrophobic
stacking of the four central thymine methyl groups (36), and facilitate a more
intimate alignment of the critical operator base pairs with the hydrophilic
surfaces of a-helices D and E.
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validity of these models, as well as those derived directly from
cocrystal structures, residues in their ability to satisfy genetic tests
for the presence in vivo of interactions between specific amino acids
and base pairs.

One way to identify protein-DNA contacts is to isolate repressor
mutations that are second-site suppressors of (constitutive) muta-
tions that inactivate an operator. These mutant repressors bind some
mutant operators better than wild-type repressor does, but they
bind other operator sites less well than wild-type repressor; such
mutant repressors are said to have “altered” or “new” specificities of
binding. New specificity mutations must either create new contacts
between mutant repressors and mutant operators, or eliminate
unfavorable contacts between wild-type repressor and a mutant
operator, and often pinpoint new weak chemical bonds between
mutant amino acids and mutant base pairs. Repressors with new
specificities have revealed specific contacts between Salmonella phage
P22 Mnt repressor and its operator (15, 16) and between coliphage
434 repressor and its preferred site (17). In the second case, the
specific interaction observed after mutation confirms an interaction
predicted from the structure of the 434 repressor-DNA cocrystal
2).

Trp repressor. The E. coli trpR gene encodes a polypeptide 108
amino acids long that dimerizes to form Trp aporepressor. The
aporepressor dimer binds two molecules of L-tryptophan, its core-
pressor, to form active repressor (18-20). Trp repressor is a global
regulator; it binds at least three sites on the E. coli genome to inhibit
transcription of the frp operon (21), the aroH gene (22, 23), and the
trpR gene itself (18).

The crystal structures of Trp repressor show that the repressor
monomer contains six a-helices joined by short surface turns, to
which a disordered NH,-terminal arm of 11 residues is attached (8,
9) (Fig. 1). Two o-helices, D and E, correspond to the conserved

“helix-turn-helix” secondary substructure characteristic of many
prokaryotic DNA-binding proteins (13, 24) and are positioned on
the surface of Trp repressor to contact two successive major grooves
of trp operator DNA. Models for the binding of other repressors
suggest that the primary determinants of sequence specificity should
reside in a-helix E of Trp repressor, the “recognition helix,” and
include the side chains of its first two amino acids (13). Unlike the
case for many other repressors, however, the first two residues of a-
helix E of Trp repressor, Ile’® and Ala*’, have a distinctly hydropho-
bic character. Few specific hydrophobic interactions are possible
with functional groups in the major groove of DNA.

To begin a genetic analysis of the Trp repressor-operator interac-
tion, we synthesized and cloned all variant operators differing by a
symmetric pair of base pair substitutions from a consensus (refer-
ence-type) trp operator. The interactions of wild-type Trp repressor
with each of these 28 operators in vivo reveal that four adjacent base
pairs of a half-site are critical for binding (Fig. 2) (14). These results
and others (8, 9, 24, 25) led us to propose a model for the specific
interactions between Trp repressor and these four base pairs (14)
(Fig. 3). This model predicts that, unlike the cases for \ repressor,
Cro protein, and 434 repressor, specific contacts between Trp
repressor and its operator are made with side chains from both the
first a-helix (D) and the second a-helix (E) of the helix-turn-helix
substructure. To assess this model, we have made a genetic analysis
of trpR by constructing mutant Trp repressors with amino acid
changes at the first three positions of its putative “recognition helix,”
to see how this region of the protein is involved in DNA binding.

Codon-directed mutagenesis of the trpR gene. To isolate
mutant Trp repressors with amino acid substitutions at positions
Ile”, Ala®, and Thr®!, we combined the site-directed mutagenesis
of the corresponding codons on a plasmid-borne trpR gene with two
genetic enrichments, one of which is for negative dominant mutant

Table 1. Changes of amino acids 68, 72, 79, 80, and 81 alter the DNA-binding propertics of Trp repressor: Amino acid substitutions for residues GIn®®,
Tyr72, 1le”, Ala®, and Thr® of Trp repressor obtained by codon-directed mutagenesis are listed, as are their mutant codons and frequencies of isolation.
Mutant repressors have one of three DNA-binding phenotypes. Negative dominant mutants (—d) fail to bind any of the operators; mutants with restricted
specificities (rs) bind a proper subset of operators bound by wild-type (wt) repressor; and mutants with new specificities (bs) bind some operators better than
wild-type (wt) repressor. The efficiency of survival (EOS) is the percentage of cells that survive infection by a challenge phage with operator 11T
(TCGAACTAGTT-AACTAGTTCGA), one of two reference types (14); many mutant repressors retain affinity for this operator. Values not shown are less
than 107°. Repressors designated with asterisk (*) were isolated after spontaneous or ultraviolet mutagenesis. The dagger (1) indicates that the mutation was
made by site-directed mutagenesis with the use of the following oligonucleotides: 5'-CGGCGCAGGCGCCGCGACGATTA-3' (Ala”) or 5'-CAGCGT-

GAGTTGGCCAATGAACTCGGC-3' (Ala"?).

Substi- Iso-  Pheno- Substi- Iso-  Pheno- Substi- Iso-  Pheno-
tution Codon lates type EOS tution Codon lates type EOS tution Codon lates type EOS
a-Helix D o-Helix E
GIn®® CAG wt 50 1le” ATC wt 50 Thr®! ACG wt 50
Cys®® TGC 1 —d Asp” GAC 13 —d Ala® GCG 5% —d
Lys®® CTC 1 —d Glu™ GAG 6 —d Asp®! GAC 3 —d
AAG 4 Lys™ AAG 1 bs Glu®! GAG 1 —d
Leu® CCC 1 —-d Phe” TTC 2 bs 40 Gly®! GGG 1 —d
CTG 6 Pro™ CCC 1 -d GGC 3
Met®® ATG 1 -d Arg” AGG 2 bs 10 Leu®! CTC 1 —d
Pro®® CCG 5 -d Tyr” TAC 1 rs 1 Pro® CCC 2% —d
CccC 1 Trp” TGG 1 rs 0.1 Arg® CGC 1 —d
Arg®® TGC 1 -d Ala” GCC 1 rs 20 Ser®! TCG 1 bs 50
CGG 4 Ala® GCG wt 50 Val®! GTG 3 —d
am®® TAG 1* —d Cys® TGC 1 rs 0.0005 GTC 2
Lys™ AAA wt 50 Lys®® AAG 6 —-d am®! TAG 2 —-d
Ala”? GCC 1t -d Pro® CCG 1 —d
Asp™ GAC 2 —d Arg®® AGG 4 —d
Glu™ GAG 6 —d CGG 7
GAA 3 CGC 2
Asn” AAC 2 —d Thr® ACG 1 bs 20
Tyt TAC 1 rs 10 Val®® GTG 3 rs 2
am’? TAG 2 —d Trp® TGG 1 —d .
oc’? TAA 1 —d am®® TAG 3 —d o

14 OCTOBER 1988

RESEARCH ARTICLES 241



Fig. 2. Critical operator

determinants of wild-type "
gy [

Trp repressor binding. T

The left half-site of an ide-

alized Trp operator se- C

quence is numbered by

position from the axis of

symmetry (arrow). Below

the reference sequence are

listed the changes that

have negligible, mild, or

severe effects on binding

of wild-type repressor (Ta-

ble 2). (14). Mutations

that create operators bound tightly by Salmonella Trp repressor (8T, 8C, 1G,

and 1A) are not shown.

Dyad

o

—>o O
oO4H4r ® o
@D Ppoa
- B~
O 4o
>

@ w

OO A4 mwn
O -
-

Negligible
J

;l Mild

Severe

o
(@}
>

> 04

—_>o
>®
—®

repressors (that bind the natural tp operator with less affinity than
the wild-type Trp repressor) (26-30). The sequence changes ob-
tained for 84 independent mutants with amino acid changes at
positions 79, 80, and 81, are summarized in Table 1.

Previously, we have used challenge phages to describe the interac-
tion between wild-type Trp repressor and consensus and variant #rp
operators (14, 31). Trp challenge phages are derivatives of Salmonella
phage P22 carrying one of 28 synthetic trp operators that differ from
a reference-type operator by pairs of symmetric substitutions. The
trp operators are positioned to regulate expression of the P22
antirepressor (ant) gene, which must be repressed for the phage to
establish lysogeny. Phages with operators that retain the critical
determinants of binding lysogenize a host that produces Trp
repressor; phages with operators not bound by Trp repressor kill
such hosts. The efficiency of lysogeny of a Trp challenge phage is a
measure of how well its operator is bound.

Symmetric variant ¢rp operators fall into three classes in terms of
their ability to bind wild-type repressor (Fig. 2). Each variant
operator is designated by the position of its symmetric change and
the variant nucleotide in the top strand of the left operator half-site;
positions in the half-site are numbered outward from the center of
symmetry (for example, the top strand of operator 4T is 5'-
CGAACTTGTTAACAAGTTCG-3') (14). Many variant sites are
bound as well as the reference types (11T and 11C), some are bound
slightly less well, and eight variant sites are not bound. The eight
operators that are not bound have changes that define the four base
pairs critical for the binding of wild-type repressor (14).

Mutant repressors with changes of Ile”, Ala®, and Thr®! that we
have isolated may be categorized by their abilities to bind the set of
trp operators (Table 1). Fifteen of the 24 mutant repressors do not
bind any operators. These mutants have a “negative dominant”
phenotype; when plasmids that produce these mutant repressors are
transformed into trpR* E. coli (or Salmonella) strains, the resulting
meropolyploids are resistant to the tryptophan analogue, 5-methyl-
tryptophan (21, 24). Presumably, the mutant proteins can fold,
dimerize, and form heterodimers with wild-type repressor that
cannot bind the natural tp operator (or corepressor). Amino acid
changes that lead to a negative dominant phenotype include both
changes that introduce negatively charged or large, bulky side chains
onto the binding surface of the repressor, and changes that are likely
to disrupt the secondary structure of a-helix E.

Nine mutant repressors recognize spectra of the set of variant
operators different from the spectrum recognized by the wild type
(Table 2). Four mutant repressors (Ile’”—Trp, Ile”—Tyr,
Ala®*—Cys, and Ala®—Val) bind a proper subset of the operators
bound by wild-type Trp repressor, and have restricted binding
specificities. Changes that lead to restricted specificities of binding
must perturb the repressor-operator interaction only slightly. Five
mutant repressors (Ile”’—Arg, lle”—Lys, Ile”?—Phe, Ala®*—Thr,
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and Thr*'—Ser) have new binding specificities, and recognize some
sites better than wild-type repressor, yet the binding of wild-type
repressor is better at other sites. Mutations that create new specific-
ities either create new contacts between the repressor and operator,
or eliminate negative interactions between the wild-type amino acid
and wild-type operator.

Changes of Ile”, Ala*, and Thr®*. Among ecight different
mutant repressors with changes of Ile”®, three (Ile””—Phe,
He”—Lys, and Ile”—>Arg) have new and two (Ile”—Trp and
Ie™—Tyr) have restricted specificities (Table 2). Four of these
mutants (Ile”*—Arg, lle’”—Phe, lle”—>Trp, and Ile’”—>Tyr) retain
nearly normal abilities to bind the reference-type operators in vivo
(Table 1) and the natural #p operator in vitro (32).

The mutant lle’—Phe repressor has a new specificity. It binds the
reference operator as well as wild-type repressor, binds less well to
most variant operators, yet recognizes the 4T operator better than
wild type. The large, hydrophobic side chain of Phe’ may partici-
pate in a new van der Waals interaction with the thymine methyl
group of the variant T-A base pair at position 4. Unlike the
Ile”—Phe repressor, the Ile’”—Tyr repressor does not bind opera-
tor 4T. Thus, the addition of a hydroxyl group to carbon-4 of the
aromatic ring of Phe” disrupts this new interaction.

The Ile””—Lys repressor also has a new specificity, and shows
dramatically reduced binding to most operators, yet binds operator
8G with high affinity, and operator 7C better than wild type. The
basic e-amino group of Lys” may form new specific H bonds with
the operator. The mutant Ile’*—Arg repressor binds operators 7C
and 8G, yet retains the ability to bind the reference-type operators.
Arginine has a long, complex side chain featuring a guanidino group
that may donate one or more new H bonds to the operator in a way
akin to the e-amino group of lysine. Apparently, amino acid side
chains of the Lys” and Arg” mutant repressors may extend to
contact base pairs 7 and 8, which are not likely to be involved in
specific bonds with wild-type repressor (14). The variant 7T opera-
tor has a change that creates a Dam (DNA adenine methylation)
recognition site (5' GATC 3’) in each trp operator half-site. The
carbon-6 amino groups of both adenines in base pairs 7 and 8 are
methylated in the major groove of this site (33), which is bound well
by wild-type repressor. In contrast, neither the lle”—Lys nor the
Ile”—>Arg repressor binds the 7T site.

Three of seven mutant repressors with changes of Ala® have
restricted or new specificities. The Ala®*—>Cys and Ala®—Val
repressors show reduced abilities to bind most operators. The
phenotypes of these changes suggest that Ala® is positioned near
the DNA, since substitutions of slightly larger side chains interfere
with binding. Curiously, the Cys*® repressor has a new specificity; it
retains affinity for the 5C operator, and prefers it to the consensus
site.

Itis particularlgr revealing to compare the DNA-binding proper-
ties of the Ala® (wild-type), Thr®, and Val®*® repressors. The
mutant Thr®® repressor shows decreased binding to most operators
but has a new specificity; it binds operators 4G and 4T, which are
not bound by wild-type repressor. The Thr®® repressor may make
new contacts with variant G-C and T*A base pairs at position 4, and
a variant AT base pair at position 3 of the operator. The Thr®
hydroxyl group is a good H-bond donor. It may donate a proton to
the congruent acceptor groups of G-C and TA at position 4
(guanine O6 and thymine O4), and perhaps less well to the thymine
04 of AT at position 3, positions that are proximate in three
dimensions. When this Thr® hydroxyl is replaced by a methyl
group, operators 4G, 4T, and 3A are no longer bound better than
by the wild-type repressor; the mutant Val® repressor has a
restricted specificity. Alternatively, the mutant Ala®—Thr change
may create a new nonspecific (phosphate backbone) contact that
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compensates for negative interactions between wild-type repressor
and these variant operators.

At position 81, all amino acid substitutions, except Thr®'-Ser,
prevent binding of the repressor to the entire set of operators. These
mutants include Thr¥'—>Ala, missing the hydroxyl and methyl
groups of Thr®!, and Thr*'—Val, which replaces the Thr®! hydroxyl
with a methyl group. These results indicate that the Thr®! hydroxyl
group is critical for binding, and may make a phosphate backbone
(nonspecific) contact with DNA, or may make a specific contact. We
favor the specific contact, and propose that the Thr®! hydroxyl
group forms a critical H bond with the thymine O4 group of the
AT base pair at position 4 (Fig. 3). This could account for our
finding that wild-type repressor requires either an A‘T or C-G at this
operator position (14) (Fig. 2), because both base pairs have
similarly positioned H-bond acceptor groups in the major groove
(thymine O4 and §uaninc 06).

The mutant Ser® repressor has reduced affinity for some variant
operators. This result indicates that the methyl group of Thr®' may
contribute to a modest hydrophobic contact in the interaction of the

wild-type repressor and operator, that it may help position the
hydroxyl group favorably, or that it may contribute in a more
general way to the structure of the bound complex. The Ser®!
repressor has a new specificity; it binds better to operator 3A than
wild-type repressor, suggesting that the Thr®' methyl group is
responsible for the specificity seen at position 3. The proposed
interaction between the Thr®! hydroxyl group and thymine O4 at
base pair 4 might position the Thr®! methyl group near the C-5
atom of cytosine at adjacent base pair 3, in a steric clash with the
thymine methyl group of an A-T base pair at this position. When
Thr®! is replaced by Ser, this clash is mitigated by the loss of the
methyl group.

Ile” and Ala® are not involved in specific binding. In summa-
ry, we have tested each of 24 mutant Trp repressors with changes in
the first three residues of a-helix E, Ile’®, Ala®, and Thr®!, for its
ability to bind each of a set of 28 tp operators in vivo, as judged
from the P22 challenge phage assay. The analysis of these 672
interactions indicates that more subtle changes in Trp repressor at a
position critical for DNA binding (Thr®') have more drastic effects

Table 2. Interactions of mutant Trp repressors with variant trp operators in vivo. Symmetric operators carried by P22 Kn9 arc-amH1605 challenge phages are
designated by operator position and variant nucleotide. Operator positions are numbered outward from the center of symmetry in the top strand of the left
operator half-site (Fig. 2); reference type trp operators for each position are indicated by an asterisk. Variant operators differ by symmetric pairs of
substitutions from the reference-types (for example, operator 6G is TCGAAGTAGTT-AACTACTTCGA). The reference type operator for positions 1 to 7 is
shown in Fig. 2; the reference type for positions 8, 9, and 10 carries the 11C symmetric change (14). The binding strength of each repressor, wild-type (wt) or
mutant, to a particular operator is given as the efficiency of survival (EOS), the percentage of repressor-producing cells (Salmonella strain MS1868/FlacI®? (31)
carrying a derivative of plasmid pPY150) that survive infection with a challenge phage carrying that operator (14). The EOS was not determined for four op-
erators (8T, 8C, 1G, and 1A) that are bound tightly by Salmonella Trp repressor. Results indicating new binding specificities are indicated in bold face and un-
derlined. The data represent the average from at least three independent determinations; measurements varied less than fivefold from experiment to

experiment. Values not shown are less than 107,

Oper-

72 79 79 79 79 79 80 80 80 81
ator wt Tyr Arg Lys Phe Trp Tyr Ala Cys Thr Val Ser
10G 30 0.0001  0.02 2 0.1 0.0007 0.1
10A 40 0.0003 0.0001 0.002 0.008 0.0005 20 0.1 0.007 0.1
10T 40 40 40 0.0002 30 0.1 40 20 5 30 20 20
10C* 50 10 40 0.0001 50 5 10 20 0.003 30 10 50
9G* 50 10 40 0.0001 50 5 10 20 0.003 30 10 50
9A 30 0.2 10 0.01 40 20 0.2 0.05 0.3
9T 20 0.006 0.0002 0.03
9C 30 0.00002 0.04 0.002 0.6 0.005 0.0008 0.01
8G 40 0.2 30 40 0.00002  0.0002 30 20 0.1 0.2
8A* 50 10 40 0.0001 50 5 10 20 0.003 30 10 50
7G40 0.00004 0.00004 0.02
7A% 50 10 10 40 0.1 1 20 0.003 30 10 50
7T 30 0.00005 0.003
7C 02 0.00003 50 40 0.01 0.2 0.02 0.00003 0.08
6G
6A
6T
6C* 50 10 10 40 0.1 1 20 0.003 30 10 50
5G
5A
5T* 50 10 10 40 0.1 1 20 0.003 30 10 50
5C 30 0.00003  0.007 30 5 20 20 10 20 0.06 0.4
4G 0.0004
4A* 50 10 10 40 0.1 1 20 0.003 30 10 50
4T 0.02 0.001
4C 3 0.003 0.02 10 0.02 0.0003 0.04
3G* 50 10 10 40 0.1 1 20 0.003 30 10 50
3A  0.00005  0.00005 0.00009 0.0005 0.06
3T 6 0.00003 0.002 0.1 0.0006 03
3C 05 0.00007 0.00004 0.01 0.1 0.00005 0.2
2G 20 0.00005 0.0002 0.4
2A 0.7 0.00002 0.07
2T* 50 10 10 40 0.1 1 20 0.003 30 10 50
2C 60 0.0001 0.006 0.00005 0.1 0.06 0.0003 0.3
1T* 50 10 10 40 0.1 1 20 0.003 30 10 50
1C 50 20 0.0001  0.00003  0.006 0.0005 0.001 20 0.004 40 20 0.06
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upon binding of wild-type repressor are marked by stars (26, 34). The side
chain of one residue from a-helix E, Thr®! » appears to make specific contacts
with base pairs 4 and 3 of the operator. Residues in o-helix D may recognize
base pairs 6 and 5 by making the three indicated H bonds, which suffice to
account for the observed specificity at these positions. An important feature
of this model is that a Trp repressor monomer specifically contacts one and
only one strand of each operator half-site. This geometric constraint on
repressor binding may enable the simultancous recognition of the opposite
strands of four critical base pairs in an operator half-site by two different
repressor monomers belonging to two difterent dimers, and account for the
ability of Trp repressor to bind multiple, tandem sites (25).

than more gross changes at positions not directly involved in
binding (Ile”” and Ala*). Although the first two amino acids of this
helix, Ile” and Ala®, are predicted to be on the binding surface of
Trp repressor by analogy with other repressors (13) and by model-
ing the repressor crystal structure to DNA (8) (Fig. 1), it is unlikely
that their side chains make specific DNA contacts in the wild-type
interaction. In contrast, the third amino acid of a-helix E, Thr®!,
appears to make at least one specific contact. For Ile” and Ala®, we
have obtained changes that lead to restricted specificities of binding
and involve the substitution of side chains with larger specific
volumes. Their changes have subtle but significant effects on
repressor binding, indicating that Ile” and Ala*® are not directly
involved in specific operator contacts, but that lengthening the side
chains at these positions may weaken binding by creating steric
problems.

To demonstrate decisively that Ile” plays little role in specific
binding, we constructed the mutant Ile’”—Ala repressor. Of all of
the mutant repressors with changes of residue 79, Ala” has the
specificity closest to wild type (Table 2). Also, Ala*® does not appear
to make specific contacts with the #rp operator. If it did, we would
expect that the Ala® methyl would participate in a van der Waals
interaction with a thymine methyl and that substitutions of larger
side chains for the small alanine side chain would disrupt such an
interaction. The Ala?® methyl of a mutant 434 repressor makes just
such a contact; substitutions of Ser or Leu for Ala®® disrupt this
contact, as predicted (17). In contrast, we ﬁnd that mutant Trp
repressors with changes that replace the Ala® side chain with
shghtly larger side chains (for example, Ala*—Cys, Ala®*—Thr, or
Ala*—Val) still bind many variant #p operators. It takes more
drastic changes at this position (for example, Ala**—Lys,
Ala®—Arg, or Ala®—Trp) to disrupt binding.

For Ile” and Ala®’, we have also obtained changes that confer
new binding specificities. A simple interpretation of these mutant
repressors is that Ile’® and Ala®, although not in direct contact with
the operator, are close enough so that residues with extended side
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chains at these positions may make new bonds with the operator.

Trp repressor uses its “recognition helix” in a novel way. Trp
repressor must recognize DNA in a way fundamentally different
than that for A repressor, Cro protein, and 434 repressor. For both A
repressor and Cro protein, the first two residues of their “recogni-
tion « helices” are GIn and Ser, which share in H bonds with base
pairs 2 and 4, and base pairs 2 and 3, of the A operator, respectively
(3-5, 13, 34, 35). The first two amino acids of this helix of 434
repressor, GIn?® and GIn®, make specific contacts with the 434
operator (2, 17). The Trp repressor, unlike these phage repressors,
does not appear to use the first two hydrophobic residues of its so-
called “recognition helix” to make specific DNA contacts.

Mutant Trp repressors with changes in residues Ile’®, Ala®, and
Thr® that have new binding specificities retain the same spec1ﬁc1ty
as the wild-type repressor at operator positions 5 and 6, consistent
with the idea that these amino acids are not involved in recognition
of these two critical base pairs. Two other regions of repressor, its
11-residue NH,-terminal arm and a-helix D, might recognize these
base pairs. Since a deletion that removes the NH,-terminal arm of
Trp repressor results in a protein that behaves like wild type in its
ability to protect the trp operator from methylation (32), the first
alternative appears unlikely.

These results lead us to suggest that side chains of amino acids on
the hydrophlllc surface of a-helix D, including GIn®, Arg®, Lys™,
or Asn” (or any combination of these), may interact with these base
pairs (Fig. 3). Alternatively, other residues such as Arg** and Arg®,
which form part of the corepressor binding pocket, may contribute
to specificity. To test these hypotheses, we have isolated mutations
that change these amino acids and have characterized their effects on
DNA binding. Residues GIn® and Lys’? are critically involved in
binding, since conservative changes of these residues either prcvent
binding (such as GIn®->Met, GIn®->Leu, Lys™>—>Asn,
Lys’”—Ala), or restrict specificity (Lys72—>Tyr) (Tables 1 and 2).
However, whether the contributions of these amino acids to
binding are specific or nonspecific remains to be determined.

About one-tenth of mapped Escherichia coli and coliphage genes
encode specific DNA-binding proteins; thus, the ability to bind
specific DNA sequences is a shared function of a very large group of
proteins. It is not surprising that individual members of this large
group would exhibit a wide range of both structural and functional
diversity.
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