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The amino-terminal domain of bacteriophage A integrase recognizes specific DNA sequences
called arm-type sites. To study the structural and functional relationships of the integrase arm-
type DNA binding domain, we cloned and purified histidine-tagged amino terminal domains
with 64 or 93 amino acid residues of integrase. The DNA binding activities of the histidine-tagg-
ed amino terminal domains were confirmed by gel mobility-shift assay. The polypeptides were
subjected to circular dichroism spectroscopy to estimate the amount of secondary structures
they contain. Based upon analyses of circular dichroism spectra and comparison with predicted
secondary structural compositions, it was estimated that the amino terminal domain of in-
tegrase in an aqueous solution was composed of a little o-helical region. The helical content in-
creased with an increasing amount of ethanol, an a-helix inducer. This indicates that its con-
formation can be changed to a form with higher content of a-helical structure under a certain
condition.
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DNA binding domain

Bacteriophage A integrase (Int) is a sequence-spe-
cific recombinase which carries out site-specific re-
combination of A (15). Int recognizes two distinct
classes of DNA sequences, the “core-type” and the
“arm-type’ binding sites (26, 27). The core-type si-
tes consis of imperfect inverted repeats that flank
the sites of strand exchange during recombination.
The arm-type sites are characterized by a consen-
sus, C/AAGTCACTAT, which occurs five times out-
side the region of strand exchange in the phage at-
tachment site, attP. Two sites, P1 and P2 are lo-
cated in the P arm and three contiguous P'l, P'2,
and P'3 sites are in the P' arm of the at{P. Int bind-
ing to these arm-type sites, in conjunction with ac-
cessary proteins encoded by both the phage and
the host, is required to form higher-order nucleop-
rotein structures, called intasomes, that are neces-
sary for recombination (13, 19).

The Int protein of A is the best-characterized
member of an integrase family of tyrosine recom-
binases (8, 22). Crystal structure of a minimal ca-
talytic domain containing residues from 170 to 356,
the region that the A Int shares high level of sim-
ilarities with other members of the integrase fam-
ily, was revealed recently (14). However, a few ana-

* To whom correspondence should be addressed.
(Tel) 062-230-7370; (Fax) 062-232-8122
(E-mail) ehcho@chosun.ac.kr

lyses have been carried out to study Int recognition
to the arm-type binding sites. Mutational analysis
of arm-type sites indicates that most base pairs in
the conserved sequence are important in sequence-
specific recognition of the Int protein (16) and par-
tial proteolytic study shows that amino terminal
domain of 64 amino acid residues carry the arm-ty-
pe binding specificity (21). Int has no obvious helix-
turn-helix motif or any other DNA binding motif
that is characteristic of sequence-specific DNA bind-
ing proteins (6, 32). The arm-type binding sites are
also unique in that they are arranged in tandem re-
peats rather than in inverted repeats as shown in
most of the other protein recognition sites. Thus
the arm-type DNA binding domain of A Int may
contain a novel type of sequence-specific DNA bind-
ing motif.

To study the structure and functional relation-
ships of the Int arm-type binding domain, we clon-
ed the regions of the int gene encoding amino ter-
minal 64 or 93 amino acid residues fused with a
polypeptide containing six histidine residues. We
confirmed that the His-tagged truncated Int po-
lypeptides retained their ability to recognize arm-
type sequences by gel molibity shift assays. Those
polypeptides were subjected to circular dichroism
(CD) spectrometric analyses to detemine the secon-
dary structural compositions of the Int amino-ter-
minal domain.
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Materials and Methods

Media, chemicals, and enzymes

Luria-Bertani (LB) medium (tryptone, 10 g/l; yeast
extract, 5 g/l; NaCl, 5 g/l) was used as a rich medi-
um. Kanamycin sulfate and Isopropyl-p-D-thiogalac-
toside (IPTG) were supplemented to the medium to
a final concentration of 40 ug/ml and 1 mM, respecti-
vely, when ever needed. Tag DNA polymerase was
obtained from Promega. Restriction enzymes and
DNA modifying enzymes were purchased from Pro-
mega or New England Biolabs.

Cloning of His-tagged amino terminal domain
of A int

Polymerase Chain Reaction (PCR) was carried out
with 1 unit of Tag polymerase in 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.01% gelatin,
200 uM deoxynucleoside triphosphate, 10 ng of plas-
mid DNA, pSX1-2, containing A int gene, and 20
pmole of primers (16). The upstream primer (AGA-
GGATCACATATGGGAAGAAGGCGAAGTC) contai-
ned the Ndel restriction site overlapping with the in-
itiation codon of the int gene. Two kinds of down-
stream primers were used to amplify different leng-
ths of the int gene. One (ATCACTGTTGAATTCTC-
GCTTACAGAGGCTTGTGTTTGTG) contained an och-
re codon at 65th position and the other (TTTGTTGCA-
ACGAATTCAGGTCACTATCAGTC) contained an am-
ber codon at 94th position followed by an EcoRI site.
The Ndel-EcoRI fragment of the amplified product
was ligated with the plasmid pET28a (Novagene)
which was pretreated with enzymes Ndel and EcoRI.
After transformation into an E. coli strain DH5a
(supE44, AlacU169(080 lacZ AM15), hsdR17, recAl,
endAl, gyrA96, thi-1, relAl), the clones harboring
each fragment were confirmed by the method of
chain termination (31). The clones, pHis-Int64 car-
rying int65 (och) and pHis-Int93 with int94 (amb),
were electrotransformed into E. coli BL21 (DE3) (F~,
ompT, hsdSb(rs mg ), gal(h cI857, ind1, Sam7, nins,
lacUV5-T7 genel), dem) for further studies.

Expression and purification of His-tagged int
arm-type DNA binding domain

E. coli strain BL21 (DE3) containing a plasmid,
pHis-Int64 or pHis-Int93, was grown to an exponen-
tial phase in LB medium with kanamycin selection.
The expression of amino terminal domains was in-
duced by adding 1 mM IPTG in a final concentra-
tion. After 3 hours of induction, cells were collected
by centrifugation and disrupted by sonication in 50
mM Na-phosphate buffer (pH 7.4) with 300 mM
NaCl and 10% glycerol. Sonicated samples were cen-
trifuged and the supernatants were saved. The sonic
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extracts were applied onto an Ni'-NTA column (Qia-
gene) and washed extensively with the sonication
buffer containing 40 mM imidazole. The His-tagged
Int amino terminal domain was eluted with 250 mM
imidazole in sonication buffer. Protein concentra-
tions were determined by dye-binding assays (3).

Gel mobility shift assays

A 160 bp fragment with P' arm was synthesized
by PCR from P22 challenge phage P'123(II) which
carries P'l, P'2, and P'3 sites of A and a 174 bp frag-
ment without Int binding sites was synthesized from
the challenge phage P224B (16). Synthetic oligonu-
cleotides (CGGCATTTTGCTATTCC and GATCATC-
TAGCCATGC) were used as primers for amplifica-
tion. One of the primer was labeled prior to use with
[v-*P]ATP and T4 polynucleotide kinase (30).

Aliquots of labeled DNA fragments were incu-
bated with various concentrations of the His-Int64
or His-Int93 in binding buffer (44 mM Tris-HCL, pH
8.0, 66 mM KCl, 0.5 mg/ml Bovine Serum Albumin,
5 mM EDTA, 5 mM spermidine, 11 mM borate, 10%
glycerol, 5 pg/ml sonicated calf thymus DNA) at
room temperature for 30 min. The final reaction
volume was adjusted to 10 pl. After electrophoresis
on 5% polyacrylamde gels at 4°C, the gel was dried
and analyzed using PhosphorImager (Molecular Dy-
namics).

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were obtained wi-
th a Jasco 715 spectropolarimeter at 25°C using a
quartz cylindrical cell in 0.1 cm path length. The
spectra were recorded from 190 nm to 260 nm and
averaged to 10 scans at 0.5 nm resolution. Protein
concentrations ranged from 67 ug/ml to 266 pg/ml in
50 mM phosphate buffer (pH 7.4) containing 60 mM
KCl in aqueous solution or in buffer/ethanol mixture.
Buffer base lines were subtracted and smoothed by
a 13-point quadratic-cubic function. The resulting
spectra were analyzed using programs CDFIT and
K2d which allowed the data to be filted to three
standard conformations (o-helix/B-sheet/coil). The for-
mer method fits data to be analyzed to the stan-
dards by the method of least-squares using the ref-
erence data of Greenfield and Freedman (11). The
latter uses a Neural network methods using 18 pro-
teins with known X-ray crystal structures (20). For
the secondary structure fit the molecular weight of
10,080 and 13,560 g/mol were used for His-Int64
and His-Int93, respectively. All spectra were present-
ed in CD (mdeg; 3300[A;-Az]) instead of in mean resi-
due ellipticity [6] (deg cm® dmol *). [6] can be cacula-
ted by using the relationship; [6]=100 CD/cnl where
¢ is the peptide concentration (mM), n is the number
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of amino acids in the peptide, and 1 is the path
length (em) (17).

Secondary structure predictions

Secondary structures of the polypeptides, His-Int64
and His-Int94, were predicted on the basis of the am-
ino acid sequences by using methods available in
the world wide web. PHD program (28, 29) was ob-
tained at the PredictProtein Server (http:/www.
embl-heidelberg.de/predictprotein/predictprotein.
html). Also used algorithms such as Predator (1),
Gor IV (9), SOPMA (10), DPM (5), and LEVIN (18)
were obtained at Network Protein Sequence analysis
at IBCP, France (http://pbil.ibep.fr/).

Results and Discussion

The minimum domain of A Int protein which
shows arm-type DNA binding specificity is the po-
lypeptide composed of the first 64 amino acids (21).
An amber mutant, int(am)94, which expresses the
amino termial 93 amino acids was first isolated by
Bear et al. (2), and was subsequently shown to con-
tain arm-type binding affinity in vivo (12). In this
study, we analyzed and compared secondary struc-
tures of these two truncated amino terminal parts
of Int protein.

The int gene of A was cloned under T7 promoter
control in such a way that amino terminal 64 or 93
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Fig. 1. Purification of histidine-tagged Int amino terminal
domains. (a) Purification of His-Int64 from BL21(DE3)/pHis-
Int64. Crude exctracts were loaded on lane 1 and fractions
eluted with discontinuous imidazole gradients dissolved in
50 mM sodium phosphate (pH 7.4), 300 mM NaCl, 10% (w/v)
glycerol were shown lanes 2 (100 mM imidazole), 3 (200 mM
imidazole), 4, (300 mM imidazole) and 5 (400 mM imidazole).
(b) Purified His-Int64. (¢) Purified His-Int93. Molecular
weight standards used on these gels are Mid-range markers
(Promega); Phophoylase B, 97.4 kD; BSA, 66.2 kD, Glu-
tamate dehydrogenase, 55.0 kD; Ovalbumin, 42.7 kD; Al-
dolase, 40.0kD; Carbonic anhydrase, 31.0 kD; Soybean Tryp-
sin inhibitor, 21.3 kD; Lysozyme, 14.4 kD.
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amino acid residues were fused with a polypeptide
of 20 amino acids in length containing six conse-
cutive histidine residues. PCR was carried out to
amplify part of the vt gene which can express am-
ino terminal domains in two different lengths. The
PCR reaction yielded DNA fragments of appro-
ximately 210 bp and 240 bp, corresponding to the
sizes predicted from the nucleotide sequences. The
amplified products were cloned into the plasmid
pET28a(+). Sequencing analyses of cloned frag-
ments confirmed that the amino termini of both clo-
nes were properly fused to the polypeptide con-
taining six histidine residues. We also identified
the introduction of the ochre codon at 65th position
of the int gene in the plasmid pHis-Int64 and the
amber codon at 94th position in the plasmid pHis-
Int93. The cloned plasmids, pHis-Int64 and pHis-
Int93, were introduced to an E. coli strain BL21
(DE3), where the His-tagged polypeptides were ex-
pressed.

After polypeptide expression, the cell-free extracts
were loaded onto Ni*-NTA column and the His-tagg-
ed Int amino terminal polypeptides were eluted by
addition of imidazole in discontinuous concentration
gradients. Majority of the His-tagged Int64 was elut-
ed by 200 mM imidazole, and the remaining poly-
peptide was eluted by 300 mM imidazole (Fig. 1a).
Based upon these results, His-Int64 and His-Int93
polypeptides were eluted by addition of 250 mM im-
idazole in subsequent experiments (Fig. 1b and c).
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Fig. 2. Gel mobility shift assays of DNA fragments con-
taining the arm-type binding sites. Various concentrations (4
uM polypeptides in lanes 1 and 4; 2 uM in lanes 2 and 5; 1
uM in lanes 3 and 6) of His-Int64 (lanes 1, 2, and 3) and
His-Int93 (lanes 4, 5 and 6) were incubated with labeled
DNA containing the arm-type binding sites, P'1. P'2, and P'3.
Lane 7 contained 0.5 uM of His-tagged full length Int pro-
tein and DNA fragments with the arm-type binding sites.
Lane 8 represents free fragments containing the arm-type
binding sites with no protein added. Lanes 9 to 11 represent
gel binding reactions in which proteins were incubated with
labeled DNA without Int binding sites (2 uM His-Int64 in
lane 9; 2 uM His-Int93 in lane 10; no protein in lane 11). All
the reactions carried sonicated calf thymus DNA in final con-
centration of 5 pg/ml as a non-specific competitor.



Vol. 36, No. 4

The arm-type binding activity of the purified His-
tagged Int amino terminal domains was measured
by gel mobility shift assays (Fig. 2). If the His-tagg-
ed polypeptides retain arm-type binding specificity,
we can directly use the fusion proteins to assess
secondary structural composition of the arm-type
DNA binding motif. The labeled DNA fragments con-
tain three consecutive arm-type sites, P'l, P'2, and P’
3 sites, of P' arm on the attP and aitL sites. Within
a range of 1 uM to 4 uM of His-Int64 and His-Int93,
the specific protein-DNA complexes were detected
when the nonspecific competitor DNA was added in
10~20 fold excess to the specific DNA (Fig. 2, lanes
1-8). When the nonspecific DNA of similar length
was labeled and used as a templates, protein-DNA
complexe the were not observed (Fig. 2, lanes 9-11).
This indicated that the His-Int64 and His-Int93 car-
ried arm-type DNA binding specificity even when
the trucated Int amio terminal regions were fused
with a leader polypeptide containing histidines. The-
refore, we decided to use these His-tagged polypep-
tides for the secondary structural analyses of the Int
arm-type DNA binding domain.

CD spectra of the His-Int64 and His-Int93 were
obtained to estimate the secondary structural com-
position of the Int arm-type binding domain. Poly-
peptide His-Int93 showed similar CD spectra in-
dependent of its concentrations between 67 pg/ml
and 266 pg/ml. However, the CD spectra of His-Int
64 were highly dependent on its concentrations lo-
cating negative minimum between 210 nm and 220
nm spectral region when concentrations of the po-
lypeptide were higher than 177 ug/ml (data not
shown). This suggests that His-Int64 at high con-
centrations did not form any particular secondary
structures rather it showed the beta aggregation
characteristic of the His-Int64 (25). Below 133 pg/
ml of His-Int64, CD profiles fluctuated within a re-
sonable range, and at 133 pg/ml the signal to noise
ratio was high enough to do the data fit.

At the concentration of 133 pg/ml, both the po-
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Fig. 3. UV-CD spectra of polypeptides His-Int64(+) and His-
Int93 (x). CD spectra were obtained in 50 mM phosphate
buffer (pH7.4) containing 60 mM KCl at 25°C. The buffer
base line was subtracted and smoothed. The spectra were
presented in CD (mdeg; 3300[AL-AR]) instead of in mean
residue ellipticity [0](deg cm” dmol ).

lypeptides, His-Int64 and His-Int93, showed CD
spectra with a strong negative band between 208
nm and 219 nm (Fig. 3). Based on the analyses us-
ing CDFIT, His-Int64 in aqueous solution was es-
timated to contain 12% o-helix, 42% B structure,
and 46% random coils, and His-Int93 to contain
13% o-helix, 39% B structure, and 48% random coil
structures. The fitted data of His-Int93 were in re-
latively good agreement with the experimental
data with small residue (<8%), however those of
His-Int64 showed large remainder (~20%) in the
spectral region between 205 nm and 215 nm and
below 200 nm. A typical helical structure shows a
well defined negative double minimum at 208 nm
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Fig. 4. Secondary structure of His-Int93 predicted by various computer algorithms. h=helix; e=extended sheet; t=turn; ¢, s=
coil; ?=ambiguous. Consensus represents the strucuture which is predicted by more than four methods out of six. The region
where all computer modelling methods used in this study predicted o-helical structure was marked by two filled down-
triangles (¥). ¥ indicates the initiation codon of Int protein in the absence of the His-tag leader peptide.
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and 220 nm (33). The results from the data fit of
the His-Int64, showed large deviation only below
215 nm, implying that the helical composition of
12% could have been overestimated. We used
another fitting algorithm, called K2d (20), and the
results from K2d were similar to those from the
CDFIT.

In terms of a-helical composition, the estimated
values by CD spectroscopy agreed relatively well
with those predicted by protein secondary struc-
ture prediction from the amino acid sequences. In
the polypeptide His-Int93, amino acid residues
from 45 to 52 and from 80 to 88 were predicted to
form o-helical structure by all six prediction pro-
grams used in this study (Fig. 4). This indicates
that these two regions are very likely to form hel-
ical structures in the His-Int93. This matches well
with the value of 10~15% which was calculated to
form o-helical structures in CD spectrophotometry.
When the first 64 amino acid sequences along with
those of the leader peptide were given, the predict-
ed secondary strucutres by all the six methods
were almost as same as shown in Fig. 5 except
that the o-helical region became a little shorter
and was positioned between amino acid residues 47
and 50. Considering the spossibily that 12% of hel-
ical composition of His-Int64 in CD measurement
may have been overestimated, this region may be
the only region forming a helical structure. On the
basis of these results, we concluded that the amino-
terminal domain of the A integrase which is com-
posed of the amino terminal 64 amino acids con-
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Fig. 5. UV-CD spectra of His-Int93 at various ethanol con-
centrations. Spectra of 67 pg/ml His-Int93 were obtained at
various volume% of ethanol over 50 mM phosphate buffer
(pH 7.4) containing 60 mM KCIL.
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tained a single o-helix spanning amino acid resi-
dues approximately from 45 to 50.

On the other hand, the amounts of B-conforma-
tion varied greatly depending on prediction
methods. While f-structure contents in the His-Int
64 and the His-Int93 which were obtained from CD
spectra were approximately 40%, the predicted
values based on amino acid sequences were only a-
bout 10%. It has been considered that CD spec-
trometric analyses are not as good in estimating [3-
structure composition as in o-helical contents (33,
34). Moreover, the known prediction accuracies of
B-structure in computer modeling used in this
study are lower than those of a-helix (1, 5, 9, 10,
18). Thus it was not feasible to predict 3-structural
composition based upon these results.

We next examined the effects of hydrophobic en-
vironment on the secondary structural contents by
measuring the CD spectrum of the polypeptides in
water/ethanol mixture. By increasing the composi-
tion of ethanol, a known helix inducer (4, 7), the
CD spectra of His-Int93 showed progressive increa-
se in the negative minima between 208 and 222
nm, with well defined isometric point at 203 nm
which indicates an equilibrium between two confor-
mations (Fig. 5). The amount of a-helix in the po-
lypeptide increased as the aqueous buffer was gra-
dually substituted with increasing amount of etha-
nol and was saturated at 60 volume% of ethanol.
At a concentration of 67 ug/ml His-Int93, the hel-
ical contents were calculated to be 15% in aqueous
solution, 22% at 50% ethanol, 28% at 60%, and 29%
at 70% ethanol concentrations. This indicates that
a conformational change in His-Int93 can be indu-
ced under a certain condition. However, His-Int64
in solvents of water/ethanol mixture became rapi-
dly insoluble under same experimental conditions.
We were unable to assess the effects of hydropho-
bic solvent on His-Int64 conformation.

Based on these CD spectroscopic analyses, we
concluded that the amount of a-helical structures
in the Int arm-type binding domain fragment was
very low in aqueous solution. The most likely re-
gion to form an o-helical structure was proposed to
be the part including amino acid residues 47 to 50
of Int protein. In the presence of an o-helix inducer,
the a-helical content increased up to 28%. This in-
dicates that the amino terminal domain of the Int
protein has a potential to change its conformation
to a form with more helical structure when its lo-
cal environment is changed. In the cases of some
other sequence-specific DNA binding proteins, pres-
ence of specific DNA results in an altered conforma-
tion of the protein with an increased o-helical con-
tent (23, 24).
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