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Characterization of Cre—loxP Interaction in the
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of Mutant Cre and Possible Strategy for

HIV-1 Therapy
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Abstract Although the crystal structure of Cre recombinase complexed with DNA, named loxA, was elucidated a
couple of years ago, it has not yet been determined which amino acids of the protein are involved in the specific Cre—
loxP interaction. Arg259 and GIn90 interact with DNA substrate in the major groove from which the specificity of
protein—DNA interaction comes. In this study, we substituted these residues for other amino acids. Also, two mutated
DNA substrates were constructed. In each mutant, one of the bases that interact with Arg259 or GIn90 was changed into
another base. In vitro binding assays and recombination assays of variant lox sites with wild-type and mutant-type Cre
revealed that Arg259 plays a key role in Cre—loxP binding but GIn90 does not. However, the recombination activity still
remained intact, although the binding between Cre and DNA substrate was not ensured. J. Cell. Biochem. 80:321-
327, 2001. © 2001 Wiley-Liss, Inc.
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The 38kDa Cre recombinase catalyzes site-
specific recombination in vitro [Abremski et al.,
1983] and in vivo [Sternberg and Hamilton,
1981]. DNA substrate at two lox sites are
cleaved, exchanged, and rejoined to new part-
ners in a well-ordered way without any synth-
esis or degradation of the DNA [Stark et al.,
1992]. The Cre—loxP recombination system
does not require any accessory factors other
than 38kDa Cre and 34bp loxP [Abremski
et al., 1983]. The enzyme can mediate recombi-
nation efficiently at the lox sites in various
procaryotic and eucaryotic cells [Dale and Ow,
1990; Odell et al., 1990; Sauer, 1987; Sauer and
Henderson, 1988]. Consequently, it has been
used in general target gene manipulation and
antiviral strategies [Flowers et al., 1997; Russ
et al., 1996].
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Although the structure of Cre recombinase
complexed with DNA, named loxA, was eluci-
dated a couple of years ago [Guo et al., 1997], it
has not yet been determined which residues of
the protein are involved in the specific Cre—
loxP interaction since the result only gives us
knowledge of the recombination mechanism
and intermediate structure. From NUCPLOT
[Luscombe et al., 1997] analysis of Cre—lox co-
crystal structure coordination (1crx.pdb), it has
been established that the major grooves of the
thymine at position 1 and the guanine at posi-
tion 6 of loxP interact with GIn90 and Arg259,
respectively. In the current study, only inter-
actions that involve atoms in the DNA major
groove were included, so we constructed Cre
mutants (R259Q, R259N, R259D and R259L;
Q90R, QI0N, Q9I0E, Q90D and Q90L) and two
engineered lox sequences, designated loxIL2
and loxIL3, which have a corresponding seq-
uence of loxLTR1 at the 6th or 1st positions of
inverted repeat sequences, respectively, based
on the structure of loxIL1. The recognition of
loxIL2 and loxIL3 by Cre protein seems to be
a critical step in the recognition process of
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loxLLTR1 since their binding affinity depends
primarily on major groove interaction in many
cases. By estimating the degree of interaction
which should be proper in order to mediate
efficient catalysis, we were able to capture
information about the possibility of HIV-1 gene
therapy. In this paper, we report the reduced
binding affinity of the mutants and the char-
acterization of their involvement in recombina-
tion events.

METHODS
Preparation of DNA Substrate

LoxIL2 and loxIL3, asymmetric loxP mut-
ants, were designed based on loxLTR-1 and
loxIL1 (Table I). To construct loxIL2 and
loxIL3-ligated plasmids, pYLIL2 and pYLIL3
respectively, loxIL2 and loxIL3 were made
flanked by BamHI and Xhol sites (Fig. 1). After
annealing of both strands, the cohesive ends of
EcoRI and HindIII were formed. The annealed
DNA was substituted for the loxP in pRH43
[Abremski et al., 1983] as previously described
[Lee and Park, 1988; Lee and Saito, 1998].
Plasmid pRH43 was kindly presented from Dr.
R. Hoess (DuPont Merck Pharmaceutical Co.).

Construction of Wild- and Mutant-Type Cre
Expression Vector

The cre gene was cloned into between Ndel—
Xhol site at pET-22b(+) vector (Novagen). A
fragment of Cre coding sequence was synthe-
sized by PCR using pRH200 as a template and
Pfu DNA polymerase (Stratagene). Plasmid
pRH200 was also the gift from Dr. R. Hoess.
The 5'-, N-terminal primer contains an Ndel
site, and has the sequence of 5 TAGGG-
CATCATATGTCCAATTTACTGACCGTACAC
3’ [Shaikh and Sadowski, 1997]. The 3'-, C-
terminal primer contains a Xhol site, and has
the sequence of 5 AGGATCTCGAGCTAATCG-
CCATCTTCCAGC 3'. All site-directed muta-
genesis of Cre were performed by ‘Megaprimer’
methods [Sarkar and Sommer, 1990] with
improved modification [Datta, 1997]. Three
PCR primers were used to perform the two
rounds of PCR. The 5'- and 3'-primers are des-
cribed above, and the sequences of oligonucleo-
tides used for mutagenesis are indicated in
Table II. The first round PCR using the muta-
genic primer and the 3'-primer was performed
to produce megaprimer (325 bp) for each muta-
tion. The megaprimer was used as a 3'-primer

pRH43
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Fig. 1. Schematic diagram of variant /ox-ligated plasmids
(pYLSL, pYLILT, pYLIL2, pYLIL3). (E, EcoRl; H, Hindlll; B,
BamHI; and X, Xhol. Amp, Ampicillin resistant gene; and Kan,
Kanamycin resistant gene.)

for the second round PCR. The second PCR
product bearing nucleotide changes was also
cloned into the Ndel-Xhol sites of pET-22b(+)
expression vector. The DNA sequences of the
mutants were confirmed by DNA sequencing.

Purification of Cre Protein

The recombinant Cre expression vectors
were transformed into Escherichia coli strain
BL21(DE3) (Novagen). Wild- and mutant-type
Cre were purified essentially as described by
Abremski and Hoess [Abremski and Hoess,
1984] with slight modification [Lee and Park,
1998; Lee and Saito, 1998]. Wild-type Cre and
most Cre mutants were eluted with 0.6 x TSEG
X xTSEG=20mM Tris—HCI, pH 7.5, 1mM
EDTA, 10% (v/v) glycerol, and X is the molar
concentration of NaCl [Abremski et al., 1983])
from phosphocellulose column (Whatman).
However, R259Q and R259D were eluted with
0.4 x TSEG buffer. Protein concentration was
determined by the method of Peterson [Peter-
son, 1977]. Each of the protein was checked by
SDS-PAGE [Laemmli, 1970] to confirm purity
and relative protein concentration. Both wild-
and mutant-type Cre represented about 90%
homogeneity.

In Vitro Recombination Assay

The loxIL2 and loxIL3 recombination was
determined by the restriction enzyme analysis
[Abremski et al., 1983] with slight modification
[Lee and Park, 1998; Lee and Saito, 1998].
Briefly, recombination reactions were carried
out in a 50 pl containing 50 mM Tris—HCI, pH
7.5, 10mM MgCl,, 30mM NaCl, 0.5mg/ml
bovine serum albumin, 0.5pug purified wild-
type Cre, and 2pg loxP, loxIL1, loxIL2 or
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TABLE I. Design of Engineered lox Sequence Containing Part of
Long Terminal Repeat of HIV-1; Comparison of Variant
Lox Sequences?®

Variant Lox Sequence

loxP 5" ATAACTTCGTATAATGTATGCTATACGAAGTTAT 3’
loxSL 5" ATAACTTCGTATAAGTTGAACTATACGAAGTTAT 3’
loxIL1 5 TCAACTTCGTATAAGTTGAACTATACGAAGTTGA 3
loxIL2 5 TCAACTTAGTATAAGTTGAACTATACCAAGTTGA 3
loxIL3 5 TCAACTTCGTATCAGTTGAACCATACGAAGTAGA 3
loxLTR-1 5 TCAAGTTAGTACCAGTTGAACCAGAGCAAGTAGA 3’

&Spacer regions are underlined and in bold-faced, and engineered sites are only

in bold-faced.

TABLE II. Sequences of Oligonucleotides Used for Site-Directed
Mutagenesis of GIn90 or Arg259?

Sequence of oligonucleotides (5'——3')

Glu90 GCCCAAATGTTGCTGGATAGTTTTTACTGCCAG wild-type

Q90R GCCCAAATGACGCTGGATAGTTTTTACTGCCAG (CGT: Arg)
Q90N GCCCAAATGGTTCTGGATAGTTTTTACTGCCAG (AAC: Asn)
Q90E GCCCAAATGTTCCTGGATAGTTTTTACTGCCAG (GAA: Glu)
Q90D GCCCAAATGGTCCTGGATAGTTTTTACTGCCAG (GAC: Asp)
Q90L GCCCAAATGCAGCTGGATAGTTTTTACTTGCCAG (CTG: Leu)
Arg259 CTATCTTCTCGCGCCCTGGAAGGGATTTTTGAAGC wild-type

R259Q CTATCTTCTCAGGCCCTGGAAGGGATTTTTGAAGC (CAG: GIn)
R259N CTATCTTCTAACGCCCTGGAAGGGATTTTTGAAGC (AAC: Asn)
R259D CTATCTTCTGACGCCCTGGAAGGGATTTTTGAAGC (GAC: Asp)
R259L CTATCTTCTCTGGCCCTGGAAGGGATTTTTGAAGC (CTG: Leuw)

Mutated regions for coding different amino acid are underlined and corres-
ponding codons and amino acids are listed in parentheses.

loxIL3-ligated plasmid DNA (pRH43, pYLIL1,
pYLIL2, or pYLIL3, respectively). Reaction
mixtures were incubated at 37°C for 30 min,
and then the reactions were terminated by
phenol/chloroform extraction followed by etha-
nol precipitation. The recovered DNA was
treated with 20 units of EcoRI for the restric-
tion enzyme analysis and DNA fragments were
detected by ethidium bromide staining after
electrophoresis on 1% agarose gel in 1 x TBE
(1 x TBE contains 90 mM Tris-borate and 2 mM
EDTA).

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was used under the condition des-
cribed by Wierzbick et al. [Wierzbicki et al.,
1987]. LoxP probe was obtained from 50-bp
BamHI-Xhol fragment of pRH43. LoxIL2 and
loxIL3 probes were from 52-bp EcoRI-HindIIl
fragment of pYLIL2 and pYLIL3, respectively.
Each fragment was labeled with (y->?P)ATP
(NEN) and T4 polynucleotide kinase (TaKaRa).
Binding reactions were carried out in 30 pl of
reaction volume containing 50 mM Tris-HCI,
pH 7.5, 30mM NaCl, 32 ug/ml bovine serum

albumin, 10mM 1,4-dithiothreitol, 10 mM
MgCly, 5% (v/v) glycerol, 10,000 cpm of 32P-
labeled probe, and various amounts of wild-
type Cre. Twenty narograms of each of wild- or
mutant-type Cre (CreK244R and CreK244L)
were used in EMSA. The mixtures were incu-
bated at 30°C for 15 min followed by the addi-
tion of 0.1ug of heparin (Sigma) as a non-
specific competitor or 1pg of poly (dI-dC) as a
weaker one to each sample. After 1 min, samp-
les were loaded onto a 5% native polyacryla-
mide gel in the presence of 0.25 x TBE. The gel
was dried and autoradiographed with Agfa CP-
BU film at —70°C for 12h. The percentage of
retarded probe was quantified by image analy-
sis program, SigmaGel (SPSS Inc.).

RESULTS

Characterization of Arg259 and GIn90
Residues of Cre

In order to determine the role of the two
residues in Cre—loxP interaction, we perfor-
med site-directed mutagenesis in which
Arg259 and GIn90 were changed into four and
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Fig. 2. Relative retardation of loxP by Cre mutants, five GIn90
mutants and four Arg259 mutants, compared with that by wild-
type Cre. Twenty narograms of protein was used in this EMSA.
The retardation of each probe by wild-type Cre with respect to
complex Il was regarded as 1 x . Each value shows the mean of
three independent experiments. Error bar indicates the standard
deviation.

five different amino acids, respectively (R259Q,
R259N, R259D and R259L; Q90R, Q9ON,
Q90E, Q90D and Q90L). They were preferred
to other mutants in that they have proper
chemical properties in order to interact effi-
ciently with their DNA substrates. We carried
out EMSA with 32P-labeled loxP and the Cre
mutants.

Figure 2 shows that Arg259, which interacts
with DNA substrate by strong hydrogen bond-
ing using its guanidinium group at the end of
the side chain, is one of the most important
residues in Cre—loxP interaction. Therefore, its
mutants completely lose their binding affinity.
Several single amino acid-substituted Cre mut-
ants were tested before by Hartung and all of
them had at least 5% retardation. It has been
known that Cre protein have a few and
scattered binding domains. This is a novel
finding since Arg259 make more strong inter-
action than any other domain. This result also
shows that pivotal interaction between protein
and DNA is achieved in the major groove as we
expected.

In the case of GIn90, which has a polar side
chain forming a hydrogen bond with DNA at
physiological pH, the binding affinity of the
mutants was more retained compared with
that of wild-type Cre. However, Q90R did not
restore its binding affinity at all because the
side chain of the mutant is too bulky to interact
with DNA in the proper position and orienta-

tion. It is noticeable that GIn90 is not likely to
bind to DNA strongly by hydrogen bonding
because Q90L, which is likely to bind mostly to
DNA by hydrophobic interaction by leucine at
the residue, shows about 80% retardation
compared to wild-type Cre. The slightly decrea-
sed binding affinities of Q90N and Q90E may
be due to the shortened length of the carbon
chain, and a negatively charged side chain that
produces electrostatic repulsion against the
phosphate group in DNA, respectively. These
two factors regarding Q90N and Q90E can also
be applied to the case of Q90D, so it shows
about 30% retardation compared to wild-type
Cre.

In vitro recombination assays using pRH43
as a substrate were carried out with two kinds
of Cre mutants. Figure 3 reveals that all mut-
ants except Q90R were able to recombinase the
substrate efficiently. As mentioned above,
QI90R has a very bulky side chain which effecti-
vely prevents its interaction with DNA. DNA
(2.5kbp) linearized by EcoR1 and 1.8kbp
supercoiled DNA were identified as expected
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Fig. 3. In vitro recombination assay using pRH43 as a
substrate. Two micrograms of substrate DNA and 500ng of
Cre were used. (A) Lane M, DNA size marker (DNA Molecular
Weight Maker X, Boehringer Mannheim); C, without Cre; wt,
wild-type Cre; R, QI0R; N, QION; E, Q90E; D, Q90D; L, Q90L.
S, P, and | are substrate, product, and intermediate, respectively.
(li, linear; and sc, supercoiled DNA.) (B) Lane M, the same DNA
size marker used in (A); C, without Cre; wt, wild-type Cre; Q,
R259Q; N, R259N; D, R259D; L, R259L. The same pattern as
(A) is observed.
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products [Lee and Park, 1998; Lee and Saito,
1998]. This result indicates that it is not the
case that strong binding affinity is needed to
operate efficient catalysis.

Charaterization of 1- and 6- Positions in
Inverted Repeat Sequences of loxLIL1

The construction of the loxP mutants only at
position 1 or 6 in inverted repeat sequences was
already accomplished by Hartung et al. [Har-
tung and Kisters-Woike, 1998]. However, we
performed the loxP mutation based on the
structure of loxIL1, which has the correspond-
ing sequence of loxLL.TR-1 at the spacer region
and the last two bases in inverted repeat
sequences. Figure 4 indicates that the 12th
and 13th bases of the loxIL1 were not crucial
for Cre—loxP interaction so we could use it as
an intermediate to effect further modification
of the DNA.

In order to test the effect of variation of the
DNA in the major groove, we constructed two
asymmetric engineered lox fragments, desig-
nated loxIL2 and loxIL3. From Figure 4, we
could not detect any Cre molecules that bind to
loxIL2 or loxIL3. This might easily be expected
from the fact that even a single mutation in the
inverted repeat sequences of loxP can cause a
significant decrease in its binding affinity to
Cre [Hartung and Kisters-Woike, 1998]. No
trace of retardation band was identified with
50 ng of Cre.
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Fig. 4. Retardation of loxP or its variants, loxSL, loxIL1, loxIL2
and loxIL3 with various amount of wild-type Cre. Retardation
values were determined in average of three independent
experiments by quantification of SigmaGel after autoradio-
graphy. The percentage of retardation is calculated by the fol-
lowing equation: (Retarded probe/(Retarded probe+Unbound
free probe)) x 100 (%).

To assay the recombination efficiency of
loxIL2 and loxIL3, in vitro recombination
assays were carried out with pRH43, pYLSL,
pYLIL1, pYLIL2 and pYLIL3. Figure 5 reveals
that the efficiency of recombination of the
pYLIL2 and pYLIL3 was as clear as pRH43,
that is, it was extremely efficient. This implies
that pYLIL2 and pYLIL3 are still excellent
DNA substrates in spite of their negligible
binding affinity to Cre. It is likely that there
was a difference in experiment results between
in vivo and in vitro. Hartung described that
even a single symmetric substitution at posi-
tion 2 or 6 in inverted repeat sequences can
abolish catalysis mediated by wild-type Cre in
in vivo recombination assay. However, accord-
ing to the results we obtained, asymmetric
mutations at three positions including position
6 did not inhibit in vitro recombination events.
We performed another experiments with Cre
mutants of Arg259 or GIn90, and obtained the
same results as shown in Figure 3A and B in
vitro recombination assay as expected (data not
shown). We performed another EMSA using a
weaker non-specific competitor of DNA, poly
(dI-dC). In EMSA using 1pg of poly (dI-dC),
Q90R forms the most retarded complex with
loxIL3 among five mutants (data not shown).
This indicates that bulky arginine in this
residue causes steric hindrance with vicinal
amino acid, so the 3D structure of Cre molecule
was severely distorted and interaction with

_— _—
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Fig. 5. In vitro recombination assay using variant lox-ligated
plasmids (pRH43, pYLSL, pYLIL1, pYLIL2, pYLIL3) as substrates.
Three micrograms of each substrate DNA and wild-type Cre
were used. Lane M, DNA size marker (DNA Molecular Weight
Maker X, Boehringer Mannheim); 1 and 2, pRH43; 3 and 4,
pYLSL; 5 and 6, pYLIL1; 7 and 8, pYLIL2; 9 and 10, pYLIL3 (Odd
numbers, without Cre; Even numbers, with Cre). The pattern of
recombination activity is optically identical throughout all five
different DNA substrates.
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loxP was hampered. However, the binding
affinity by loxIL3 was somewhat increased
without catalytic activity. The result indicated
that in Cre—lox system single binding between
Cre and DNA substrate is not sufficient to
undergo efficient recombination and vice
versa.

DISCUSSION

In this report, we have described the Cre—
loxP interaction in the major groove where
GIn90 and Arg259 of Cre interact with the
corresponding bases at the 1st and 6th posi-
tions of inverted repeat sequences, respec-
tively. Four Arg259 mutants and five Glu90
mutants were made and loxIL2 and loxIL3
were also presented as substrates. From
EMSA, we concluded that Arg259 is the most
important residue in the Cre—loxP interaction
among the residues that have been tested so far
and GIn90 is not. Also, arginine itself is belie-
ved to be one of the important residues and has
a critical role in protein—DNA interaction. This
was inferred from the following two facts. First,
Arginine has a bulky side chain that could
disturb protein—DNA interaction unless the
position and orientation are proper. On the
other hand, the guanidinium group at the end
of the side chain can be utilized as an excellent
hydrogen bonding donor. So only wild-type Cre
fully retained its binding affinity and the
binding of QI0R was completely disrupted only
among the five GIn90 mutants. It is noticeable
that Q90L has only about 20% decreased
binding affinity compared with wild-type Cre,
which means that the interaction between
GIn90 and DNA might not be maintained prin-
cipally by hydrogen bonding. In summary,
Arg259 and GIn90 must absolutely belong to
the binding domain because mutation of the
residues was solely responsible for the abrupt
decrease in binding affinity but did not change
their recombination activity. Figures 4 and 5
also show that the decreased binding affinity
caused by the mutation of the base of DNA had
no effect whatsoever on Cre—/ox recombination
activity at all. So loxIL2 and loxIL3 are still
excellent substrates for Cre mediated recombi-
nation. This means there is no strict condition
of base identity in inverted repeat sequences
for catalysis. LoxIL2 and loxIL3 have about 79
and 82% total sequence identities with loxLTR-
1 as depicted in Table II. In addition, the result

that Q90R forms the most retarded complex
with loxIL3 among the five mutants for the case
in which 1pg of poly (dI-dC) is used implied
that Q90R allowed better partitioning into
the loxIL3 than other mutants, even though it
has no recombination activity at all (data not
shown). This indicates that strong binding is
not required to operate Cre—lox recombination
and vice versa. Unfortunately, among the
single amino acid-substituted Cre mutants we
made, we could not find any that could mediate
recombination between two loxLTR-1 sites
(data not shown). In spite of this result, since
we found that Arg259 is the most important
residue in Cre—DNA interaction and many
parts of the protein are involved in binding to
its substrate, we could make a Cre protein that
could still mediate recombination on DNA with
two loxLTR-1 sites by substitution of some of
the residues into proper ones. This is one of the
most promising candidate methods for HIV-1
gene therapy. Therefore, it is possible to utilize
Cre—loxP system as a common tool in a variety
of gene manipulations including antiviral
strategies.
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