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The integrase protein (Int) from bacteriophage � catalyzes the
insertion and excision of the viral genome into and out of Esche-
richia coli. It is a member of the �-Int family of site-specific
recombinases that catalyze a diverse array of DNA rearrangements
in archaebacteria, eubacteria, and yeast and belongs to the subset
of this family that possesses two autonomous DNA-binding do-
mains. The heterobivalent properties of Int can be decomposed
into a carboxyl-terminal domain that executes the DNA cleavage
and ligation reactions and a smaller amino-terminal domain that
binds to an array of conserved DNA sites within the phage arms,
thereby arranging Int protomers within the higher-order recom-
binogenic complex. We have determined that residues Met-1 to
Leu-64 of Int constitute the minimal arm-type DNA-binding domain
(INT-DBD1–64) and solved the solution structure by using NMR. We
show that the INT-DBD1–64 is a novel member of the growing
family of three-stranded �-sheet DNA-binding proteins, because it
supplements this motif with a disordered amino-terminal basic tail
that is important for arm-site binding. A model of the arm-DNA-
binding domain recognizing its cognate DNA site is proposed on
the basis of similarities with the analogous domain of Tn916 Int
and is discussed in relation to other features of the protein.

The integrase protein (Int) of Escherichia coli phage � (1)
catalyzes the integration and excision of the viral genome

into and out of its host chromosome (2). It belongs to a subgroup
of the �-Int family of site-specific recombinases whose members
are distinguished by heterobivalent DNA binding. This ability to
simultaneously bridge two distinct and well separated DNA
sequences, called arm- and core-type sites is a key architectural
element in the formation of recombinogenic higher-order com-
plexes (for recent reviews, see refs. 3 and 4).

Underlying the functional diversity of the �-Int family is a
common set of chemical reactions in which the DNA cleavage�
ligation reactions are mediated by transient covalent phospho-
tyrosine intermediates that first generate and then resolve
Holliday junction recombination intermediates via two sequen-
tial pairs of strand exchanges. The locus of these reactions on
each partner DNA duplex is a pair of 9- to 13-bp inverted binding
sites for the recombinase (core-type sites) separated by a 6- to
8-bp overlap region (7 bp in the case of �) whose boundaries are
defined by the staggered and precisely positioned DNA cleavage
sites. The att sites of the heterobivalent recombinases contain
additional protein-binding sites that comprise flanking ‘‘arms,’’
called P and P�, in the � viral attP site. Within these arms are five
closely related, high-affinity, arm-type Int sites (P1, P2, P�1, P�2,
P�3) that are unrelated to the low-affinity, core-type Int sites.
Interspersed between the two classes of Int sites are binding sites
for the accessory proteins, IHF, Xis, and Fis, all of which
introduce sharp bends in their DNA-binding sites, thus bringing
the distal arm-type Int-binding sites into close proximity with the
core-type Int sites, where DNA cleavage and ligation are
executed.

The first suggestion that �-Int had two functional domains was
made by Kikuchi and Nash (5) when they found that pretreating
Int with N-ethylmaleimide (NEM) abolished both recombina-
tion activity and the formation of nonfilterable, heparin-resistant
complexes but did not impair Int’s ability to cleave and reseal
DNA. We now know that �-Int consists of three functional
domains (6–8). The small, 7-kDa amino-terminal domain con-
taining the NEM-sensitive site, Cys-25, is responsible for high-
affinity binding to each of the five arm-type sites and is also a
context-sensitive modulator of DNA cleavage (9, 10). The
central core-binding domain (residues 65–169) and the carboxyl-
terminal catalytic domain (residues 170–356) comprise a large
functional domain (called C65) that is very efficient in DNA
binding and cleavage reactions at core-type sites.

A great deal is known about the large carboxyl-terminal region
of �-Int and the mechanism of DNA cleavage and ligation from
the crystal structure of several �-Int family members (11–16). In
contrast, very little is known about the amino-terminal domain,
which is not related to any protein of known structure based on
its primary sequence. In the experiments reported here, we have
delineated the minimal region within Int required for efficient
arm-type DNA binding and solved its structure by using NMR
spectroscopy. We propose that Int recognizes the arms of the
phage by using a three-stranded �-sheet and present a model of
its DNA complex.

Materials and Methods
Site-Directed Mutagenesis, Protein Expression, and Purification. The
desired mutations were made by PCR and oligonucleotide-
directed mutagenesis and cloned into the pRT101 backbone by
using NdeI and EcoRI restriction enzymes (8), and the con-
structs were confirmed by DNA sequencing of the entire Int
gene. Several truncated versions of �-Int extending different
distances from the amino terminus were generated by PCR and
were fused to the Intein moiety of the affinity purification system
in pIMC104 DNA (Intein vector; New England Biolabs) by using
the restriction endonucleases SapI and PstI (17). The constructs
were verified by DNA sequencing. E. coli BL21(DE3) cells
containing appropriate plasmid constructs were grown at 37°C
to an OD600 of 0.45–0.50, and expression of the fusion protein
was induced by isopropyl �-D-thiogalactoside (0.3 mM). Cells
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were grown at 18°C for 12–14 h and harvested. Isotopic labeling
of proteins with 15N, or 15N and 13C, was accomplished by
growing the cells in minimal medium containing 15NH4Cl and
unlabeled or 13C6-labeled glucose as the sole nitrogen and
carbon sources, respectively. The affinity-purified protein in 30
mM Hepes, pH 8.0�1 mM EDTA�5 mM benzamidine contain-
ing 45 mM DTT was dialyzed extensively to remove excess DTT
and concentrated by using Centricon membrane (Millipore).
The amino-terminal variants of �-Int do not contain extra amino
acids at their amino termini. Int (wild type and mutant) proteins
and IHF were expressed and purified as described (8, 18).

Sample Preparation for NMR Spectroscopy. INT-DBD1–64 purified as
described above was denatured in 0.1% TFA and loaded onto a C-4
reverse-phase HPLC column (Waters). The final NMR sample
consisted of �1 mM INT-DBD1–64 (15N- or 15N�13C-labeled) in 20
mM potassium phosphate, pH 6.0�100 mM NaCl�0.01% NaN3�10
mM deuterated DTT (90%H2O:10%D2O). The NMR spectra of
INT-DBD1–64 recorded before and after the HPLC purification
step essentially are identical, indicating that the protein refolds into
its native conformation. The protein–DNA complex consisted of a
1:1 mixture of 15N-labeled INT-DBD1–64 and a 14-bp DNA duplex
containing the P�1 site obtained from Midland CRC [sequence
listed below; see (i)]. The concentration of each component was
measured by UV absorbance, mixed at high concentration (�0.5
mM each) in high salt (�300 mM NaCl), and then dialyzed and
concentrated to the final NMR sample, which consisted of �0.4
mM complex, 20 mM potassium phosphate (pH 6.0), 0.01% NaN3,
and 10 mM deuterated DTT.

Oligonucleotides. Synthetic oligos (HPLC-purified) used for bio-
chemical studies [(ii) and (iii), below] were obtained from
Operon Technologies (Alameda, CA) and end-labeled with
[�-32P]ATP (NEN) by using T4 polynucleotide kinase. Se-
quences of the ‘‘top’’ strands for each of the double-stranded
oligos used in this work are as follows (Int-binding sites are noted
as bold, uppercase letters):

(i) 14-mer P�1 arm-site DNA, 5�-ccAGGTCACTATgg-3�; (ii)
19-mer P�1 arm-site DNA, 5�-cgaacAGGTCACTATtggc-3�; and
(iii) 19-mer ‘‘anti-P�1’’ (heterologous) DNA, 5�-cgaacCTTGA-
CAGCGtggc-3�.

The oligos were annealed in 10 mM Tris�HCl (pH 7.5)
containing 50 mM NaCl. The sequence of ‘‘anti-P�1’’ DNA was
derived from the P�1 sequence by interchanging all of the A’s and
C’s and all of the G’s and T’s; it was used as nonspecific
competitor DNA in binding assays. The 31-bp, top-strand nicked
COC� suicide substrate has been described (9).

NMR Spectroscopy. NMR experiments were performed at 290 K
on Bruker DRX-500 and -600 MHz spectrometers equipped
with xyz-gradient triple-resonance probes. Protein resonances
(1H,15N,13C) were assigned by using three-dimensional HNCA,
HNCO, HNCOCA, HNCACB, CBCA(CO)NH, HCCH-total
correlation spectroscopy (TOCSY), HCCH–correlated spec-
troscopy, and 15N-edited TOCSY experiments (19). 3JHN�-
coupling constants, �1 angles, and �2 angles were analyzed by
using quantitative J-correlation experiments (20) and nuclear
Overhauser effect (NOE) patterns (21). Distance restraints were
obtained from three-dimensional 15N- and 13C-edited NOE
spectroscopy–heteronuclear sequential quantum correlation ex-
periments (mixing times: 75, 125, and 150 ms). All spectra were
processed by using NMRPIPE (22) and analyzed by using the
programs PIPP, CAPP, and STAPP (23).

Structure Calculations. Residues Met-1-Arg-10 and Lys-60-Leu-64
do not exhibit any long-range NOEs and were omitted from the
final simulated annealing calculations. NOE restraints were
grouped into four distance ranges: 1.8–2.7 Å (1.8–2.9 Å for

distances involving 15N-bound protons), 1.8–3.3 Å (1.8–3.5 Å for
distances involving 15N-bound protons), 1.8–5.0 Å, and 1.8–6.0
Å. To account for the increased apparent intensity of restraints,
0.5 Å was added to the upper distance limits of those involving
methyl protons. Distances involving methyl protons, aromatic
ring protons, and nonstereospecifically assigned methylene pro-
tons were represented as a (�r6)�1/6 sum (24). At the final stage
of refinement, hydrogen bond restraints were added based on the
atoms’ position in the ensemble of structures and NOE patterns.
HN, N, C�, H�, C�, and C� chemical shifts were used for
database searches by using the program TALOS (25). Structures
were calculated by using the program X-PLOR 3.843 (26). The
specific, simulated annealing protocol has been described (27,
28). The program PROCHECK 3.4.4 was used to evaluate the final
ensemble of conformers (29). Figures were prepared by using the
program MOLMOL (30). The coordinates of the INT-DBD1–64

have been deposited (PDB ID code 1KJK).

Assays of Int Function. Recombination assays were carried out
essentially as described (31) by using supercoiled attP (pWR1)
and linearized attB DNA (BamHI-digested and [�-32P]dCTP-
labeled pWR101) plasmid DNA at a 2-fold molar excess over its
supercoiled recombination partner. Reactions were terminated
by the addition of 0.2% SDS and analyzed by 1.2% agarose gel.
DNA-binding experiments using gel-retardation assays and Int-
mediated suicide substrate cleavage assays were carried out as
reported (9, 31). The gels were dried, autoradiographed, and
quantitated by a phosphorimager (Fuji).

Results
Defining the Minimal Arm-Type DNA-Binding Domain. To precisely
define the minimal domain necessary for binding to arm-type
DNA, several different amino-terminal constructs, terminating
at residues Gly-58, Lys-62, and Leu-64, were cloned, purified,
and tested in gel-shift assays for their ability to bind radiolabeled
P�1 arm-type DNA (Fig. 1A). The construct spanning residues
Met-1–Gly-58 failed to form any complexes stable to gel elec-

Fig. 1. Defining the minimal arm-type DNA-binding domain. (A) Full-length
Int and three amino-terminal peptides, cloned and purified as described in
Materials and Methods, were tested in a gel-shift assay for their respective
abilities to bind arm-type DNA. The indicated concentrations of proteins were
mixed with 0.1 �M radiolabeled, 19-bp P�1 arm-type DNA and incubated at
25°C for 20 min (see Materials and Methods). Full-length Int binding was done
in a separate experiment with substrate of lower specific activity. After
electrophoresis on an 8% polyacrylamide gel, the gels were dried and visual-
ized by autoradiography. (B) The specificity of DNA binding by Int (filled
symbols) and the INT-DBD1–64 (open symbols) was assayed by mixing 0.4 �M
protein with 0.1 �M P�1 arm-type DNA in the presence of the indicated
amounts of homologous (triangles) or heterologous (circles) competitor oli-
gonucleotides (see Materials and Methods). The assays and quantitation were
as in A. Binding in the absence of competitor, 45% for Int and 39% for 1–64
peptide, was normalized to 100%.
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trophoresis. The Met-1–Lys-62 construct, at comparable protein
concentrations, formed complexes of the expected mobility with
about 3- to 4-fold-less efficiency than full-length Int, and the
Met-1–Leu-64 construct was almost as efficient as the full-length
protein. The specificity of the Met-1–Leu-64 construct was
demonstrated by its resistance to competition by an unlabeled
heterologous DNA competitor relative to the homologous com-
petitor (Fig. 1B). Residues Met-1 to Leu-64 thus are necessary
and sufficient for binding to a P�1 arm-type DNA site.

Three-Dimensional Structure of the Minimal Arm-Site-Binding
Domain. Having defined the minimal arm-site-binding domain
within the �-Int protein (residues Met-1–Leu-64, INT-DBD1–64),
we determined its three-dimensional structure to gain insights
into its function. The structure was solved by using multidimen-
sional, heteronuclear NMR methods and hybrid distance geom-
etry and simulated annealing calculations. An ensemble of 25
structures was calculated that is consistent with the experimental
data; they exhibit no NOE, 3JHN�, or dihedral angle violations
greater than 0.5Å, 2 Hz, or 0.5°, respectively (Table 1). The
structures are well defined by the NMR data, and residues
Leu-12–Leu-55 in the ensemble of conformers can be superim-
posed to the average structure with a rms deviation (rmsd) of
0.38 � 0.07 Å for the backbone atoms and 0.93 � 0.11 Å for all
heavy atoms (Fig. 2A).

The INT-DBD1–64 folds into a three-stranded, antiparallel
�-sheet that packs against a C-terminal �-helix (Fig. 2B). Strands

B1 (Leu-16–Ile-18) and B2 (Tyr-24–Arg-27) of the sheet are
connected by a type-1� turn (T1, Arg-19–Tyr-23), whereas
strands B2 and B3 (Glu-34–Gly-38) are separated by a six-
residue extended turn (T2, Asp-28–Lys-33). Strand B3 contains
a �-bulge, with the amide protons of Leu-37 and Gly-38 forming
cross-strand hydrogen bonds to the CO atom of Tyr-24. A
C-terminal �-helix (Arg-41–Leu-55) is positioned approximately
parallel with strand B2 and stabilized by hydrophobic interac-
tions between the side chains of Tyr-24, Tyr-26, Ala-44, Ala-48,
and Ala-51. These residues, along with the side chains of Pro-13,
Leu-16, Pro-29, Leu-37, Ile-45, and Leu-55, form the hydropho-
bic core of the protein. The packing of the helix is defined further
by a hydrogen bond between the side chains of Asn-15 and
Asn-52, which positions the N terminus of strand B1 relative to
the helix. Residues Arg-3–Arg-10 and Lys-60–Leu-64 are disor-
dered in the structure and highly mobile on the picosecond time
scale, as judged by the small magnitude of their 15N-{1H}
heteronuclear NOEs (less than 0.4, Fig. 2C).

Role of the Amino-Terminal Arg Residues. Although the first 10 aa
of the INT-DBD1–64 are unstructured and flexible in the absence
of DNA, this portion of the polypeptide contains three sequen-
tial Arg residues (Arg-3–Arg-5), which are of the correct charge
to interact with DNA. To test the functional significance of these
residues, three amino-terminal deletion mutants of the full-
length protein were constructed. These mutants substitute lysine
for Gly2 of the primary sequence and progressively delete amino

Table 1. Structural statistics

�SA� (SA)BEST

rmsd from NOE interproton distance restraints, Å*
All (661) 0.037 � 0.003 0.029
Protein interresidue sequential (�i � j� � 1) (192) 0.045 � 0.004 0.044
Protein interresidue short range (1 	 �i � j� � 5) (147) 0.035 � 0.005 0.024
Protein interresidue long range (�i � j� 
 5) (189) 0.029 � 0.007 0.027
Protein intraresidue (133) 0.034 � 0.006 0.029

rmsd from hydrogen-bonding restraints, Å† 0.014 � 0.008 0.020
rmsd from dihedral angle restraints, ° (64)‡ 0.097 � 0.111 0.044
rmsd from 3JHN� coupling constants, Hz (34) 0.495 � 0.047 0.452
rmsd from secondary 13C chemical shifts, p.p.m.

13C� (43) 1.017 � 0.066 0.989
13C� (43) 0.860 � 0.036 0.879

Deviations from idealized covalent geometry
Bonds, Å 0.004 � 0.0002 0.003
Angles, deg. 0.431 � 0.018 0.396
Impropers, deg. 0.347 � 0.058 0.259

PROCHECK-NMR§

Most favored regions, % 89.6 � 0.086 91.9
Additionally allowed regions, % 8.9 � 0.389 5.4
Generously allowed regions, % 1.5 � 0.302 2.7
Disallowed regions, % 0.0 � 0.0 0.0

Coordinate precision, Å¶

Protein backbone 0.38 � 0.07
All protein heavy atoms 0.93 � 0.11

The notation of the NMR structures is as follows: �SA� are the final 25 simulated annealing structures; (SA)BEST

is the lowest energy structure in the ensemble. The number of terms for each restraint is given in parentheses.
Residues Met-1–Arg-10 and Lys-60–Leu-64 displayed no cross-strand NOE cross-peaks in the data and were
omitted from the final simulated annealing calculations.
*None of the structures exhibited distance violations greater than 0.5 Å, dihedral angle violations greater than
5°, or 3JHN� coupling constant violations greater than 2 Hz.

†Two distance restraints were used for each hydrogen bond (rNHAO � 2.5Å and rNAO � 3.5 Å).
‡The experimental dihedral angle restraints consisted of 34 �, 11 �1, and 2 �2 angle restraints.
§The values reported are for residues Leu-12–Leu-55, using PROCHECK 3.4.4 (29).
¶The coordinate precision is defined as the average atomic rmsd of the 25 individual SA structures and their mean
coordinates. The reported values are for residues Leu-12–Leu-55 of the protein. The backbone value refers to the
N, C, and CO atoms.
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acids Arg-3, Arg-4, and Arg-5, and G2K�1R, G2K�2R, and
G2K�3R, respectively. The mutants were assayed for arm-type
DNA binding, integrative recombination, and the ability to
cleave COC� ‘‘suicide substrates.’’

All of the constructs retain DNA cleavage activity, consistent
with our previous data demonstrating that the carboxyl-terminal
domain (residues Thr-65–Lys-356) is fully competent for catal-
ysis (7). The G2K�1R mutant deletes a single Arg amino acid but
has the same number of positive charges as the wild-type protein,
and, indeed, they are indistinguishable based on all measures of
Int function (Fig. 3). However, when two Arg residues are
deleted to give a net loss of one positive charge (mutant
G2K�2R), recombinase activity and arm-type DNA binding
both are reduced. Deletion of three Arg residues (net loss of two
positive charges) virtually abolishes arm-type DNA binding and
recombinase activity. These results suggest that Arg-4 and Arg-5,
which are disordered in the absence of DNA, nevertheless are
important for recombinase activity, presumably because they are
involved in arm-type DNA binding (see below). The undimin-
ished activity of the Lys-for-Arg substitution suggests that two
consecutive positive charges in this region may be sufficient for
efficient DNA binding.

The loss of two positive residues in the INT-DBD1–64 appar-
ently has not compromised any of the functions of the carboxyl-
terminal domain or the ability of the amino-terminal domain to
suppress the functions of the carboxyl-terminal domain. The
deletion mutant is similar to wild-type, full-length Int in being
depressed for DNA cleavage, relative to the activity of the
isolated carboxyl-terminal domain (Fig. 3C). At the Int concen-

trations used here, the full-length Int is reduced �1.8-fold
relative to the isolated carboxyl-terminal domain, whereas at
lower Int concentrations, this difference increases to 3-fold (9).

The Unstructured N-Terminal Tail Interacts with DNA. To substantiate
the finding that the N-terminal tail in the full-length �-Int
protein is required for DNA binding, NMR spectroscopy was
used to study its interaction with DNA within the context of the
isolated amino-terminal domain. In this experiment, 1H-15N
heteronuclear single quantum correlation spectra of the 15N-
labeled INT-DBD1–64 in the presence or absence of DNA were
compared to identify DNA-dependent changes in the chemical
shifts of the backbone amide nitrogen and hydrogen atoms.
Although the spectrum of the 1:1 INT-DBD1–64�DNA complex
is well resolved, its low concentration precludes its complete and
unambiguous resonance assignment. However, a superficial
analysis clearly indicates that the chemical shifts of amino acids
within the N-terminal tail, �-sheet, and turn T1 are perturbed
significantly by DNA binding, whereas amino acids within the
C-terminal �-helix largely are unaffected by the addition of
DNA. For example, in the absence of DNA, the amide cross-
peaks of residues Arg-3 to Arg-10 exhibit narrow line-widths and
chemical shifts that indicate they adopt a random-coil confor-
mation (Fig. 4C). However, when the 14-bp duplex DNA con-
taining the P�1 site is added, these cross-peaks are affected
significantly, exhibiting either large changes in their chemical
shifts or resonance line-broadening (Fig. 4C). These data sup-
port the biochemical studies (Fig. 3) and suggest that the �-sheet
and N-terminal tail comprise or are near the protein–DNA
interface.

Fig. 2. NMR solution structure of the INT-DBD1–64. (A) A stereoview of the
ensemble of 25 structures showing the backbone atoms (N, C�, and C�) from
residues Leu-12–Phe-56. (B) A ribbon diagram of the lowest energy structure
showing residues Leu-12–Phe-56 of INT-DBD1–64. The three strands of the
anti-parallel �-sheet are labeled B1 (Leu-16–Ile-18), B2 (Tyr-24–Arg-27), and
B3 (Glu-34–Gly-38). The C-terminal �-helix extends from Arg-41 to Leu-55. The
structure is rotated 90° clockwise relative to A. (C) 15N-{1H} heteronuclear NOE
data recorded on a uniformly 15N-labeled sample of the INT-DBD1–64. The
figure shows NOE values for all nonproline residues from Arg-3 to Leu-64, with
the exception of His7 and His-61, which are overlapped in the spectra.

Fig. 3. Functional assays of amino-terminal Arg deletions. Arm-binding
domains carrying deletions of one to three Arg residues (�1R, �2R, and �3R)
were constructed and purified as described in the text. (A) The indicated
amounts of wild-type and mutant Int proteins (lanes labeled below B) were
assayed for their ability to recombine unlabeled circular attP and linear
32P-labeled attB DNAs (see Materials and Methods). After gel electrophoresis
of the recombination mixtures, the 32P-labeled attB (s) and linear recombina-
tion product (r) were visualized by autoradiography. (B) Gel mobility-shift
assays for arm-type DNA binding were performed as described in Fig. 1. The
Int-bound P�1 DNA complex (c) and the unbound substrate DNA (s) are
indicated on the figure. (C) DNA cleavage by the indicated proteins, including
the large, carboxyl-terminal domain (C65), was assayed by their ability to form
covalent complexes (p) with a top strand-nicked COC� suicide substrate (s) and
analyzed by 12% SDS-polyacrylamide gels followed by autoradiography.
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Discussion
Our results indicate that the INT-DBD1–64 adopts a fold that is
structurally related to the three-stranded �-sheet family of
DNA-binding domains (Fig. 4A) (27, 28, 32, 33). These proteins
include, among others, the GCC-box DNA-binding domain
(GBD) and the N-terminal domain of Tn916 integrase (Tn916-
DBD) (34). Although the INT-DBD1–64 shares only a low degree
of primary sequence homology to these proteins, it nevertheless
adopts a similar fold; the secondary structural elements of the
INT-DBD1–64 can be superimposed to the GBD and Tn916-
DBD with a C� atom coordinate rmsd of 2.0 Å and 2.5 Å,
respectively. Our finding that the INT-DBD1–64 is structurally
related to the N-terminal domain of Tn916 integrase is of
particular interest, because Tn916 integrase mediates the trans-
position of the conjugative transposon Tn916 by using a mech-
anism that apparently is related to the lambdoid phages.

Structural similarity, in conjunction with biochemical and
NMR mapping experiments, indicates that the INT-DBD1–64

will recognize sequence-specifically the major groove of the
arm-type sites through its �-sheet. The structures of the GBD
and Tn916-DBD solved in complex with DNA reveal a similar
mode of binding, in which side chains extending from the sheet
contact nucleotide bases through the major groove (Fig. 4A).
The electrostatic surface potential of the structurally similar
INT-DBD1–64 is consistent with this mode of recognition, be-
cause its �-sheet surface is positively charged and thus suitable
for DNA binding (Fig. 4B). In contrast, the opposite surface of
the protein contains a helix that is more negatively charged.
�-Sheet-mediated DNA binding by the INT-DBD1–64 is sup-
ported further by our limited chemical shift-mapping data, which
coarsely localize its binding surface to residues within the
N-terminal tail and �-sheet (Fig. 4C).

To gain insights into the mechanism of arm-type binding by
the �-Int protein, we constructed a model of INT-DBD1–64

bound to its cognate DNA site (Fig. 4D), which was constructed
by superimposing the backbone atoms of the free INT-DBD1–64

structure onto the structure of the GBD protein within the
GBD-DNA complex (32). In the structures of GBD, Tn916-
DBD, and the I-Ppo1 protein–DNA complexes, amino acids
located at conserved positions within the �-sheet motif form
similar types of interactions with the duplex (34). It can be
predicted reliably that the INT-DBD1–64 will contact the DNA
by presenting the alternating surface-exposed side chains of its
�-sheet. In particular, the side chains of Tyr-17 and Arg-19 in
strand B1; Tyr-23, Cys-25, and Arg-27 in strand B2; and Glu-34
within strand B3 are all expected to reside at the molecular
interface. Sequence-specific recognition likely will involve the
side chains of Arg-19, Arg-27, and Glu-34, which are expected to
project into the major groove. Two conserved protein–
phosphate contacts are visualized in the model: the amide of
Asn-15 appears to hydrogen-bond to a phosphate along the DNA
backbone, and the Tyr-23 hydroxyl proton likely contacts a
phosphate on the opposite strand (Fig. 4D).

Fig. 4. �-Sheet DNA-binding domains and model of the INT-DBD1–64�DNA
complex. (A) A structural comparison of the lowest energy structure of the
INT-DBD1–64, Tn916-DBD complex (27, 28, 32, 33), and AtERF1 GBD (27, 28, 32,
33). The antiparallel �-sheet is blue, and the C-terminal helix is red. The
Tn916-DBD and GBD were solved in complex with DNA (brown). (B) Electro-
static surface potential of the INT-DBD1–64. The structure on the left is orien-
tated similar to that of A. Positive charges are in blue, and negative charges are
in red. (C) Overlay of a selected region of the 1H-15N heteronuclear single
quantum correlation spectrum of the INT-DBD1–64 with (red) and without

(black) DNA. It should be noted that the 1H-15N heteronuclear single quantum
correlation spectrum of the complex was recorded at a lower salt concentra-
tion as compared with the spectrum of the free protein (0 vs. 100 mM NaCl).
However, the NMR spectrum of the isolated INT-DBD1–64 protein does not
change significantly as a function of salt, indicating that the spectral changes
are a direct result of DNA binding (data not shown). (D) Model of the INT-
DBD1–64�DNA complex. The INT-DBD1–64 (blue) is docked to B form DNA
(yellow) containing the P�1 arm-type sequence. Side chains that are poised to
contact the major groove are shown in red. The Asn-15 amide proton and
Tyr-23 side chain (green) are predicted to contact phosphate groups (orange
spheres), interactions that are conserved in the structures of other three-
stranded �-sheet protein–DNA complexes.
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The model provides a structural explanation for how NEM
incorporation at Cys-25 results in a loss of recombination
function whereas mutants C25S and C25A retain full activity
(10). The side chain of Cys-25 is located at the DNA interface;
however, it is not close enough to make an intermolecular
hydrogen bond. In the model, a bulky maleimide moiety attached
to the sulfhydryl group of Cys-25 would disrupt the protein–
DNA interface by sterically hindering DNA contacts from the
nearby side chains of Arg-27 and Glu-34. The model is consistent
with biochemical data demonstrating the importance of Arg-4 or
Arg-5 in DNA binding (Fig. 3). The amino-terminal tail of the
protein is poised for interactions with the sugar–phosphate
backbone and�or minor groove. However, the details of these
interactions cannot be predicted, because this region of the
protein is mobile and unstructured in the absence of DNA and
because this appendage is not present in other three-stranded
�-sheet, DNA-binding domains. Although the model does not
explain our finding that residues His-59 to Leu-64 are important
for binding (Fig. 1A), it is conceivable that these amino acids
contribute to the stability of the protein through packing inter-
actions with the �-sheet; alternatively, they may become struc-
tured upon DNA binding, forming favorable contacts to the
sugar–phosphate backbone.

From our results, a ‘‘switch model’’ in which the amino-
terminal residues would interact alternatively either with arm-
type DNA, in the stimulating mode, or with an acidic patch on
the carboxyl-terminal domain, in the suppressive mode, is not
likely because deletions of the Arg residues that abolish arm-type

DNA binding did not compromise the ability to suppress car-
boxyl-terminal domain function (Fig. 3C). Our studies also
suggest it is unlikely that Cys-25 would be at or near a protein–
protein interface, Int is bound to arm-type DNA sites. BMH-
mediated protein–protein cross-linking at Cys-25 (35) might be
promoted by DNA binding primarily at the carboxyl-terminal
domain, but it is likely to be competitive with arm-type DNA
binding. Protein–protein interactions may involve amino acids
within the �-helix of the amino-terminal domain. An R42L
mutation increases Int binding 10-fold to a single P�1 site and
100-fold to DNA containing the P�1, P�2, and P�3 sites compared
with the wild-type protein (36). In the structure of INT-DBD1–64,
Arg-42 is located at the N terminus of the helix near the side
chains of Ile-45, Ile-49, and Ile-53. Interestingly, these amino
acids form a solvent-exposed hydrophobic surface that might be
involved in cooperative interactions with other Int molecules
bound to arm-type sites. Our present data do not offer any
insights on the remaining potential functions of the amino-
terminal domain, such as interaction with one or both of the
accessory factors IHF and Xis—possibilities that currently are
under investigation.
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