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ABSTRACT A portion of the gene coding for the Cro re-
pressor protein of bacteriophage A has been chemically synthe-
sized, incorporating base pair chariges that generate restric-
tion endonuclease sites without altering the amino acid coding
sequence. These restriction endonuclease sites were used to re-
move small segments of the synthetic cro gene and the seg-
ments were replaced with duplexes carrying desired muta-
tions. Altered Cro proteins produced by mutarits constructed
in this manner were then assayed for binding to A operator
OR3 in vivo. Mutations directed into the region of the cro gene
encoding the a-3 helix produced altered Cro proteins with a
range of affinities for operator DNA. These changes suggest
which amino acids play an important role in Cro—Og3 com-
plex formation.

Recently, several new lines of investigation have provided
substantial insight into the mechanism by which sequence-
specific DN A-binding proteins recognize and bind to sites on
double-stranded DNA. Of fundamental importance has been
the elucidation of the structures of three DNA-binding pro-
teins: the catabolite gene activator protein (CAP) from Esch-
erichia coli (1), the amino-terminal fragment of cl repressor
protein from bacteriophage \ (2), and Cro repressor protein,
also from X\ (3). All three proteins show structural similar-
ities, the most notable of which is a protruding bihelical unit.
It has been proposed that in each case one of the helices
provides most of the sequence-specific contacts within the
major groove of B-DNA (4-6). Furthermore, sequence ho-
mologies among other DNA-binding proteins suggest that
this two-helix motif may be a common feature of DNA rec-
ognition (6-8). Cro protein, the smallest repressor character-
ized to date, binds as a dimer to six sites of 17 base pairs
each, which are clustered into two operator regions on the
phage genome (9). Refinement of the structure of Cro at high
resolution has allowed a detailed model to be proposed for
complex formation with operator DNA (10). The model pre-
dicts several specific contacts between each Cro monomer
and base pairs in the major groove. These contacts involve
amino acid side chains either within or near the a-3 helix of
Cro. In addition, several sequence-independent interactions
between the protein and the DN A backbone have been pre-
dicted (10).

In this report we describe the design, construction, and
cloning of a synthetic cro gene fragment, which allow specif-
ic mutations in the coding region to be made with ease. The
effect of several such mutations on Cro repressor binding to
operator Og3 is also described. The results support the cur-

rent model for the interaction of Cro repressor with operator
DNA.
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MATERIALS AND METHODS

Bacterial Strains, Bacteriophage, and Plasmids. E. coli
strain 71-18 (Alac—pro/F’ laclI® ZAM15 pro*) was lysoge-
nized with the temperate bacteriophage A112A265prmup-1,
which contains the immunity region from phage 21 and a
P.—lacZ operon fusion (11). In addition, it bears a deletion
of Ogrl (A265) and carries a mutation (prmup-1) that in-
creases the level of trahscription initiated at P, in the ab-
sence of repressor. This lysogen was transformed with the
plasmids pTR214, pTR190, or the pTR190 derivatives con-
structed in this work. Plasmids pTR214 and pTR190 contain
the lac UV5 promoter operator region fused to cro (12).

Molecular Cloning. Isolation of plasmid, DNA cleavage
with restriction endonucleases, isolation of DNA fragments,
ligation with T4 DNA ligase (Bethesda Research Labora-
tories), and transformation of E. coli were carried out as de-
scribed (13).

Deoxyoligonucleotide Synthesis and Enzymatic Ligations.
Deoxyoligonucleotides were synthesized as previously de-
scribed (14) except that purification was carried out by re-
versed-phase HPLC using a uBondapak C;g column from
Waters Associates. Enzymatic ligations of synthetic deoxy-
oligonucleotides were completed as described (15).

Colony Hybridization. Colonies containing plasmids with
synthetic inserts were screened by the method of Gergen et
al. (16).

DNA Sequence Analysis. DNA sequences were confirmed
by the method of Maxam and Gilbert (17).

RESULTS

Design of the Synthetic ¢ro Gene Fragment. The plasmid
pTR190 carries the wild-type cro gene under the control of
the lac UVS5 promoter (12). A deletion between the lac
Shine-Dalgarno sequence and the cro initiation codon re-
sults in a plasmid that directs the synthesis of an extremely
small amount of Cro protein (<0.0006% of the total soluble
protein) (12). The cro gene as cloned in pTR190 contains a
Bgl 11 site at the position coding for amino acid 22 of Cro and
has a Sal I site approximately 300 base pairs downstream
from the cro translational termination codon. Our plan was
to remove this fragment, which includes DNA coding for
amino acids 22-66 of Cro, from pTR190 and replace it with a
synthetic duplex. The sequence of the duplex is shown in
Fig. 1. The sequence design includes Bg! Il and Sal I cohe-

Abbreviations: bp, base pairs; IPTG, isopropyl B-bD-thiogalactopyr-
anoside.
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22 25 24 25 26 21 8 29 30 31 32 33
AsSp Leu Gly val Tyr Gln Ser Ala Ile Asn Lys Ala

GAT CIG GGA GTA TAT CAG AGC GCT ATC AAT AAG GCG
AT cCT CAT ATA GTC TCG CGA TAG TTA TTC CGT

Bglll

38 35 3 37 38 39 40 a1 a2 43 a4 485
Ile His Ala Gly Arg Lys Ile Phe Leu Thr Ile Asn
ATT CAT GCC GGC CGT AAG ATC ITC CTG ACT ATT AAC
TAA GTA CGC CCG GCA TIC TAG AAG GAC TGA TAR TTG

Xmalll Bglll

4 47 48 49 S0 51 52 53 54 S5 % 57
Ala Asp Gly Ser Val Tyr Ala Glu Glu Val Lys Pro

GCA GAC GGA fUC GTA TAC GCT GAG GAG GTG AAG CTY
cGT cT6 cecr A66 AT ATE CGA CTE CTC CAC 7TC GG6A

Bami1 Amnl

8. 59 60 61 62 63 64 65 66
Phe Pro Ser Asn Lys Lys Thr Thr Ala Ter.

—_—

FTC CCT TCT AAC AAG AAA ACC ACC GCT TAG 6
AAG GGA AGA TTG TTC TTT TGG TGG CGA ATC CAG cr

Sall

FiG. 1. The synthetic DNA duplex coding for amino acids 22-66
of Cro. Included in the design are Bg! II and Sal I cohesive ends and
restriction endonuclease recognition sequences, which are indicated
by bold italic type. The 31 base pair changes from thé wild-type cro
sequence are doubly underlined. These changes do not alter the ami-
no acid sequence of Cro. Bars ending with arrows above and below
the sequence indicate the length of the chemically synthesized deox-
yoligonucleotides.
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sive termini and internal restriction sites for Bg/ II, BamHI,
Xmn 1, and Xma I1I1. These sites allow easy access to various
regions of the cro gene, which can be replaced with small
synthetic duplexes carrying desired mutations. For example,
digestion with Bgl II allows access to the region coding for
amino acids 22-40, which includes the a-3 helix of Cro (ami-
no acids 27-36), that has been proposed to make specific
contacts with base pairs of operator DNA (10). The 31 base
pair changes designed into the synthetic cro gene fragment
were introduced without changing the wild-type amino acid
coding sequence or dramatically altering the codon usage
pattern (Fig. 1). These changes were made in order to gener-
ate restriction sites and to prevent misligation of the synthet-
ic deoxyoligonucleotides due to direct or inverted repeat se-
quences. o .

Chemical and Enzymatic Synthesis of the Synthetic cro
Gene Fragment. Twenty oligomers were chemically synthe-
sized by using the rapid solid-phase phosphoramidite ap-
proach (14). The ligation plan for assembling the cro gene
fragment from these oligomers is shown in Fig. 2. The initial
ligation was divided into three parts to minimize fragment
mismatches and to maximize yield. The right half of the du-
plex formed readily (section C), while the left half was as-
sembled in two reactions (A and B). Subsequent ligation of
the products isolated from the initial reactions (A, B, and C)
yielded a final product containing the entire 135-base-pair
(bp) duplex.

Cloning the Synthetic cro Gene Fragment. The plan for con-
structing a plasmid carrying the synthetic cro gene fragment
is shown in Fig. 3. The 135-bp diplex containing a Bgl II
cohesive sequence at one end and a Sal I cohesive sequence
at the other end was ligated into pTR190 from which the
DNA fragment between the Bgl II and Sal I sites had previ-
ously been removed. This ligation mixture was used to trans-
form E. coli strain 71-18 lysogenized with A\112A265prmup-1.
The cells were plated on MacConkey medium containing
ampicillin (20 ug/ml) and supplemented with 1 mM isopro-
pyl B-D-thiogalactopyranoside (IPTG). Several white (non-

sall

Bglﬂl \ . ]\

Bg!II Xmn I

FiG.2. Ligation plan for preparing the synthetic cro gene fragment. Three separate ligations (yieldiqg sectiqns A, B, and C) were carried out
initially to maximize efficiency. Products from the initial ligations were purified by gel electrophoresis and ligated to form the flpal product.
—ae, Synthetic pieces that were phosphorylated prior to ligation. The segments are oriented so that the Bgl II and Sal I cohesive ends are

schematically shown at the left and right ends, respectively.
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FiG. 3. Construction of a plasmid, pJN02, that carries the synthetic cro gene fragment and the strategy for directing mutations into the
region of cro encoding the a-3 helix (see text). ApR, ampicillin resistance.

lactose-utilizing) colonies were obtained that were assumed
to carry the synthetic Bgl 1I/Sal I fragment. The basis for
this assumption was that cells carrying a functional cro gene
will produce Cro protein that binds to Or3 and turns off syn-
thesis of B-galactosidase in this system (Fig. 4). Plasmid
DNA from one of these clones was isolated and character-
ized by restriction mapping. DNA sequence analysis showed
that this plasmid, pJNO2, carried the synthetic duplex con-
taining Bg! II and Sal I cohesive ends and restriction sites for
Bgl 11, BamHI, Xmn 1, and Xma I1I.

Incorporation of Mutations into the Synthetic cro Gene. The
strategy for directing mutations into the cro gene region en-
coding the a-3 helix is depicted in Fig. 3. Plasmid pJN02 was
cleaved with Bgl II and the resulting mix was ligated. After
transformation, a plasmid (pJNO03) missing the 49-bp Bgl 11
fragment was isolated. Several 49-bp synthetic duplexes,
each containing a desired mutation, were constructed. The
small duplexes were each assembled by ligating eight oligo-
mers, 12-14 nucleotides in length, to form a 49-bp duplex
with Bgl II cohesive ends. Each duplex was inserted into the
Bgl 1 site of plasmid pJNO03, and colonies carrying plasmids
with synthetic inserts were identified by colony hybridiza-
tion as shown in Fig. 5. Positive colonies were rescreened
with a synthetic probe that spans the vector—insert junction
to determine which clones contained hybrid plasmids with
the synthetic fragment inserted in the proper orientation
(Fig. 5). Under the appropriate conditions, only those plas-
mids having the insert in the proper orientation will hybrid-
ize to this probe. Finally, each insert having the proper ori-
entation was characterized by DNA sequencing. A total of
11 mutations have been directed into cro by this approach.
Each of these mutations alters the Cro protein sequence by a
single amino acid.

In Vivo Cro-Binding Assay. E. coli strain 71-18 (A\112A265-
prmup-1) catrying plasmids containing either wild-type or
synthetic cro genes were grown in M9 glucose medium (18)
supplemented with ampicillin (20 ug/ml) and, where indicat-
ed, IPTG (1 mM) and assayed for B-galactosidase activity
(18). Growth of the strains in the presence of IPTG inacti-
vates lac repressor, resulting in the induction of Cro protein
synthesis. Cro, in turn, shuts off transcription of lacZ initiat-

ed at P, (Fig. 4). An initial experiment was carried out to
compare the operator binding of Cro made from the synthet-
ic cro gene carried by pJNO02 to that made from the wild-type
sequences carried by pTR190 and pTR214 (Fig. 6). The latter
plasmid directs the synthesis of at least 1000-fold more Cro
(1% of the soluble protein) than pTR190 (12). Strains carry-
ing plasmids pTR190, pJN02, or pTR214 all show a similar
reduction in B-galactosidase activity in response to induction
of Cro protein by IPTG, indicating that Og3-saturating levels
of Cro can be produced by all three strains. Cells carrying
pINO3 (with the DNA coding for the a-3 helix of Cro deleted)
are unable to turn off B-galactosidase expression when in-
duced by IPTG. The slight level of apparent repression of B-

IPTG

=
P

5
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pTR190
oLcroR
OR3 A lac Z
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F1G. 4. In vivo system for analysis of Cro binding to Og3. An E.
coli strain carrying an F’ lacI9 was lysogenized with
A112A265prmup-1 and transformed with pTR214, pTR190, or a syn-
thetic derivative of pTR190 described in the text. Cro binding to Og3
is determined indirectly by measuring the activity of 8-galactosidase
(the lacZ product) in the presence or absence of IPTG.
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Ser-28 — Ala

Q

FiG. 5. Identification of strains containing plasmids that carry
mutated inserts in the proper orientation. Ampicillin-resistant
strains were first screened for the presence of an insert by colony
hybridization with a 28-nucleotide probe. (Left) Detection of an in-
sert coding for a Ser — Ala change at position 28. The hybridization
is shown schematically below the autoradiograph. Clones that were
positive for the presence of an insert were then rescreened with a 20-
nucleotide probe that spans one of the vector—insert junctions
(Right). Row A is the positive control (pJN02). Row B is the nega-
tive control (pJNO03), and rows C-H represent various mutants.
Plasmids with inserts in the proper orientation hybridize to the en-
tire probe sequence, while inserts in the opposite orientation allow
hybridization to only half of the probe. These two alternative hy-
bridization results are shown below the right autordiograph (strands

B and A, respectively).

galactosidase synthesis in the presence of IPTG is due to
inhibition by IPTG of the hydrolysis of the chromogenic sub-
strate o-nitrophenyl B-D-galactopyranoside used in the assay
(data not shown). To demonstrate that B-galactosidase levels
can be directly correlated with Cro binding to Og3, a strain
was lysogenized with the phage A112A265prmup-1 Og3rl
(11), which carries a mutation in Og3 that reduces the affini-
ty of Cro for this site. Subsequent induction of this strain
transformed with pTR190 failed to turn off B-galactosidase
synthesis (data not shown).

B-Galactosidase acti
— N W A W
1 1 i i A

—

—

——

Yl

pINO02

1

pTR190 +
pTR214
pJNO3

FiG. 6. Comparison of B-galactosidase activity in strains carry-
ing wild-type and synthetic cro genes. pJNO2 carries the synthetic
cro gene that was constructed from pTR190, a plasmid that has the
wild-type cro sequence (12). pTR214 also carries the wild-type se-
quence but produces higher levels of Cro protein than pTR190.
pJNO3 carries the synthetic cro sequence but has a deletion of the
49-bp fragment coding for the a-3 helix of Cro. Cells were grown in
the presence of 1 mM IPTG (+) or without IPTG (—), and B-galacto-
sidase activity was measured as described by Miller (18).
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Strains carrying plasmids with specific mutations in the
region of cro encoding the a-3 helix were also assayed for
Or3 binding (Fig. 7). The 11 mutants, which produce amino
acid substitutions at six different positions, can be divided
into three classes with respect to their ability to bind to Og3.
The substitutions Tyr-26 — Asp, GIn-27 — Leu, GIn-27 —
Cys, GIn-27 — Arg, Ser-28 — Ala, and Ala-33 — Lys allow
levels of B-galactosidase activity similar to the level from a
pJNO03-carrying strain, indicating a markedly diminished
ability to bind Og3. Strains producing Cro proteins that carry
the substitutions Tyr-26 — Lys, His-35 — Arg, Ala-36 —
Thr, and Ala-36 — Lys show B-galactosidase activity levels
that are similar to wild-type Cro produced by pJN02, indicat-
ing that these substitutions do not drastically decrease Og3
binding capacity, although small differences in binding may
be masked by saturating levels of Cro. However, an interme-
diate level of activity is seen in the strain carrying the Tyr-26
— Phe substitution.

DISCUSSION

The recent determination of the structure of A Cro protein
has allowed a detailed model to be proposed for complex
formation with operator DNA (10). The model predicts that
several amino acids in or near the a-3 helix of Cro make
sequence-specific hydrogen bonds and van der Waals con-
tacts. Among the amino acids participating in this site-specif-
ic recognition are Tyr-26, GIn-27, and Ser-28. The model
proposes that the hydroxyl group of Tyr-26 donates a hydro-
gen bond to the O4 of a thymine, while the side chain amide
of GIn-27 donates a hydrogen bond to the N7 and accepts a
hydrogen bond from the N6 of an adenine. In addition, Gln-
27 appears to make a van der Waals contact with a thymine
methyl group. Two hydrogen bonds are also formed between
the side-chain hydroxyl of Ser-28 and an adenine.

Seven of the amino acid substitutions we describe here
occur at positions 26, 27, and 28. The substitution of Asp for
Tyr-26 decreases the ability of Cro to bind to Og3 and turn
off B-galactosidase synthesis. However, when Tyr-26 is re-
placed with Phe, an intermediate level of B-galactosidase ac-
tivity is observed. This substitution replaces the hydroxyl
group of tyrosine with a hydrogen atom while preserving the
remaining side-chain character. This intermediate level of -
galactosidase activity may represent the loss of a single hy-

8-
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FiG. 7. Comparison of B-galactosidase activity in strains carry-
ing plasmids with specific mutations in the region of cro encoding
the a-3 helix. The amino acid substitution resulting from each muta-
tion is indicated below the appropriate pair of bars, which are as in

Fig. 6.
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drogen bond as proposed by the model. Surprisingly, when
Tyr-26 is replaced with a Lys, B-galactosidase activity is re-
duced to a level similar to that found in a strain carrying the
wild-type cro sequence. Computer modeling of this amino
acid substitution indicates that it is possible that an interac-
tion between the Lys side chain and the phosphate backbone
replaces the hydrogen bond contributed by Tyr at this posi-
tion. The substitution of Leu, Cys, or Arg for Gln at position
27 reduces Cro binding and suggests that the glutamine side
chain may, in fact, participate in multiple interactions in the
major groove of operator DNA. This interpretation is con-
sistent with the conservation of glutamine at analogous posi-
tions in other DNA-binding proteins (5, 6). The Ser-28 — Ala
substitution replaces the hydroxyl group of serine with a hy-
drogen atom. In this case the effect on Og3 binding is more
pronounced than that seen with the Tyr-26 — Phe substitu-
tion. However, Ser-28 is implicated in a bidentate hydrogen
bonding arrangement and this change may result in the loss
of two hydrogen bonds.

His-35 is predicted by the model to have a sequence-inde-
pendent interaction with the phosphate backbone. When Arg
is placed at this position little difference in Cro binding can
be detected by B-galactosidase activity. Computer modeling
of this substitution suggests that Arg may also interact with
the phosphate backbone but at a position different from that
for His. Two substitutions at position 36, Ala-36 — Thr and
Ala-36 — Lys also produce variant Cro proteins capable of
turning off B-galactosidase synthesis. The model does not
predict a role for Ala-36 in operator complex formation.
However, this position is appropriate for making contacts
with base pairs either directly, in the case of the Lys substi-
tution, or mediated by a water molecule, in the case of the
Thr substitution. Whether or not these contacts are actually
made is unknown. :

The final amino acid substitution, Ala-33 — Lys, de-
creases the ability of Cro to bind to Og3. Ala-33 resides on
the hydrophobic face of the a-3 helix, and substituting a
charged group at this position may therefore be expected to
have a disruptive effect on Cro structure and operator bind-
ing. We expect further analysis of the other variant Cro pro-
teins described here to show that these amino acid substitu-
tions do not disrupt Cro structure or the steady-state level of
Cro but rather owe any change in Og3 binding to a specific
change in the ability to recognize operator DNA.

It is apparent from comparison with plasmid pTR214 that
both pTR190 and pJNO02 produce Og3-saturating levels of
Cro under induced conditions. Therefore, it is doubtful
whether a variant Cro protein with a higher affinity for Og3
could be detected in this system under fully induced condi-
tions. Further experiments are necessary to characterize the
Cro proteins with amino acid substitutions which result in
binding that, by B-galactosidase activity, appears similar to
wild-type Cro.

Recently, additional Cro repressor mutants defective in
operator binding have been isolated (A. Pakula and R.
Sauer, personal communication). Included among this group
are mutations which result in the amino acid substitutions
GIn-27 — His and Ser-28 — Arg. These results are consistent
with our observation that amino acids at these positions are
critical to operator recognition and support the proposed
model for Cro-operator interaction (10). It is extremely in-
teresting that Gln-27 and Ser-28 are conserved at analogous
positions in \ repressor (6-8) and have been proposed to in-
teract in sequence-specific manner (19). It has been found
that substitutions at these two positions in repressor sub-
stantially reduce operator binding (20).

We perceive that the understanding of the recognition
process between Cro protein and operator DNA will be fa-

Proc. Natl. Acad. Sci. USA 82 (1985)

cilitated by the introduction of a large number of changes in
Cro protein via mutations in the cro gene. Ideally, these
changes will include not only specific point mutations, which
can be introduced by current procedures (21), but also amino
acid deletions and insertions and multiple amino acid
changes. In this report we describe the construction of a vec-
tor that carries a synthetic cro gene designed to easily acco-
modate any of these types of changes. We also demonstrate
the ease with which changes can be made in the region of cro
coding for the a-3 helix of Cro repressor, although the proce-
dure described here is applicable to any portion of the pro-
tein that is encoded by the synthetic DNA fragment.
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