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PROTEINS: Structure, Function, and Genetics 7:306—-316 (1990)

Functionally Acceptable Substitutions in Two a-Helical

Regions of A Repressor

John F. Reidhaar-Olson and Robert T. Sauer

Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

ABSTRACT A method of targeted random
mutagenesis has been used to investigate the
informational content of 25 residue positions in
two a-helical regions of the N-terminal domain
of \ repressor. Examination of the functionally
allowed sequences indicates that there is a wide
range in tolerance to amino acid substitution at
these positions. At positions that are buried in
the structure, there are severe limitations on
the number and type of residues allowed. At
most surface positions, many different residues
and residue types are tolerated. However, at
several surface positions there is a strong pref-
erence for hydrophilic amino acids, and at one
surface position proline is absolutely con-
served. The results reveal the high level of de-
generacy in the information that specifies a
particular protein fold.

Key words: neutral mutations, random mu-
tagenesis, protein structure, pro-
tein folding, protein families

INTRODUCTION

An important problem with regard to protein
structure and function involves understanding how
the sequence of a protein determines its three-di-
mensional structure. This problem is complicated in
part by the fact that not all residues in proteins con-
tribute equally to the structure; some residues are
clearly more important than others. At present, it is
not possible to tell, simply by examining a sequence,
which residues are essential in determining the
structure and which are less important. However, by
examining a set of related sequences, each of which
forms a functional protein with the same basic struc-
ture, it is often possible to make such a distinction.
Such a family of sequences may be a set of phyloge-
netically related proteins generated by natural se-
lection, or a set of variants of a single protein gen-
erated by random mutagenesis and identified by a
functional selection. By examining the pattern of
allowed substitutions at each position in the se-
quence, it is possible to assess the importance of
each position to the structure or activity of the pro-
tein. Positions that tolerate few substitutions are
high in informational content, whereas positions
that are highly variable are low in informational
content.
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We have used a targeted random mutagenesis
technique to generate a large number of neutral
amino acid substitutions in the N-terminal domain
of N repressor. The crystal structure of the N-ter-
minal domain is known, both for the isolated
protein' and for its complex with operator DNA?
(Fig. 1). The N-terminal domain consists of residues
1-92 of the intact protein, and is made up of five
«-helices separated by loops of various lengths.! The
protein binds to operator DNA as a dimer, with
dimerization mediated by hydrophobic packing of a-
helix 5 of one monomer against a-helix 5’ of the
other monomer." Previously, we reported the results
of random mutagenesis of the part of helix 5 which
forms the dimer interface region of the protein,® and
found that the informational content at each posi-
tion in the sequence correlates well with the extent
to which the side chain at that position is buried in
the structure. Here, we present an extension of that
work to a much larger portion of the sequence, in-
cluding the rest of helix 5 and all of helix 1. These
regions of the protein are of interest for structural
studies because they are the two longest helices in
the N-terminal domain and, with the exception of
two residues in helix 1, make no direct contacts with
the operator DNA. We find that, in general, buried
positions are high in informational content, whereas
surface positions are low in informational content.
However, a class of surface positions with restricted
substitution patterns is also observed, which was
not seen in the previous work.

MATERIALS AND METHODS
Strains and Plasmids

Escherichia coli K-12 strain X90 (araA(lac pro)
nalA argEam rif thi-1/F' lacI® lac* pro™) was used
in this work.* Plasmids pJ0103° pDP160 (D.
Parsell, unpublished), and pWL103 and pWL104 (W.
Lim, unpublished) are pBR322-derived plasmids
that contain the gene for residues 1-102 of A repres-
sor under control of a tac promoter, an ampicillin-
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Fig. 1. Stereo view of a ribbon representation of the N-terminal
domain of A repressor bound as a dimer to operator DNA2 The
upper monomer is colored blue, with helices 1 and 5 colored
yellow; the lower monomer is colored green with helices 1 and 5

resistance gene, and an MI3 origin of replication
that allows production of single-stranded DNA for
sequencing. The gene for residues 1-102 is a syn-
thetic gene that contains several restriction sites to
allow cassette mutagenesis. Plasmids pJO103 and
pDP160 contain “stuffer” fragments which prevent
uncut or singly-cut plasmid from passing the func-
tional selection.

Mutagenesis

Combinatorial cassette mutagenesis was per-
formed as described.” Oligonucleotide cassettes were
designed to randomize the codons for residues 8—23
and 75-83 of the N-terminal domain of A repressor.
The oligonucleotides were synthesized with NN¢ in
place of a codon being randomized; that is, an equal
mixture of all four bases (N) was included at the first
two positions of the codon, and an equal mixture of G
and C was included at the third position. Codons
were randomized in the following combinations: 8/9;
10/11;12/13; 14; 14/17; 15/16; 17/18; 19/20; 21/22; 23;
75/76; 77/78; 79/80; 81/82; 81/82/83; and 83. Cas-
settes were ligated® into the appropriate restriction
sites of the synthetic N-terminal domain gene. Li-
gated DNA was transformed® into X90 cells, and the
cells were plated on LB plates containing 0.1 mg/ml
ampicillin and 10° each of the cl phages A\KH54
and AKH54h80. Cells containing the wild-type N-
terminal domain or variants with greater than 5—
10% of wild-type activity survive this selection.”
Single-stranded plasmid DNA was isolated from
cells surviving the selection and was sequenced by
the dideoxy method.”

Two mutations, Lys-83 and Val-84, were con-
structed by site-directed mutagenesis. The Lys-83
mutant was found to be active, i.e., resistant to

colored orange. Helix 1 is part of the globular portion of the pro-
tein, whereas helix 5 extends out from the rest of the monomer to
form the dimer interface. These graphics were produced using
coordinates provided by Carl Pabo and Steve Jordan.

phage ANKH54; the Val84 mutant was found to be
inactive.

Monte Carlo Simulations of
Random Mutagenesis

Simulations of the mutagenesis experiments were
performed using a computer program which ran-
domly chooses amino acids from a set of allowed res-
idues. The probability of choosing a particular resi-
due is proportional to the number of codons that
specify that amino acid. The user specifies the set of
allowed residues and the number s of random se-
quences to be chosen. The program then performs
1000 trials in which s random amino acids are cho-
sen from the allowed set, and calculates the number
of trials in which 1, 2, 3, etc. different residues were
observed. Simulations of this type were used to de-
termine, at each position examined by random mu-
tagenesis, the probability of observing n + 1 amino
acids in a set of s sequences, where n is the number
of residues actually observed at that position and s is
the number of candidates actually sequenced. For
these simulations, the set of allowed residues was
comprised of the amino acids actually observed in
the random mutagenesis experiments, plus one ad-
ditional residue which was encoded by a single
codon in the NN¢ randomization.

RESULTS
Experimental Design

In previous work,” we used combinatorial cassette
mutagenesis to investigate the informational con-
tent of helix 5 residues at the dimer interface of the
N-terminal domain (residues 84-91). In this study,
we have used the same technique to extend our anal-
ysis to a larger portion of the protein. Two separate






