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ABSTRACT

As part of the HIV infection cycle, viral DNA inserts
into the genome of host cells such that the inte-
grated DNA encoding the viral proteins is flanked
by long terminal repeat (LTR) regions from the retro-
virus. In an effort to develop novel genome editing
techniques that safely excise HIV provirus from cells,
Tre, an engineered version of Cre recombinase, was
designed to target a 34-bp sequence within the HIV-
1 LTR (loxLTR). The sequence targeted by Tre lacks
the symmetry present in loxP, the natural DNA sub-
strate for Cre. We report here the crystal structure of
a catalytically inactive (Y324F) mutant of this engi-
neered Tre recombinase in complex with the loxLTR
DNA substrate. We also report that 17 of the 19 amino
acid changes relative to Cre contribute to the altered
specificity, even though many of these residues do
not contact the DNA directly. We hypothesize that
some mutations increase the flexibility of the Cre
tetramer and that this, along with flexibility in the
DNA, enable the engineered enzyme and DNA sub-
strate to adopt complementary conformations.

INTRODUCTION

Through the introduction of combination antiretroviral
therapy, HIV was transformed from a death sentence to a
manageable disease (1). For many infected individuals, how-
ever, long-term treatment has complications due to the tox-
icity of the antiretroviral medications. The cost of drugs,
which must be taken daily, is also a factor, as is non-
compliance with the treatment regimen. Thus, although
modern HIV medications are remarkably effective in keep-
ing the virus in check, there is a clear need for better thera-

pies and, ideally, a means to permanently remove the retro-
virus from infected individuals.

Proviral HIV DNA is integrated into the human genome
as part of the normal life cycle of the virus. This integra-
tion represents a major obstacle to eradicating the virus
from infected individuals. In recent years, a number of
genome editing approaches have been investigated as a
means to remove and/or inactivate the integrated provirus
(reviewed in (2–4)). These methods include the RNA-based
CRISPR/Cas9 system, zinc finger nucleases and transcrip-
tion activator-like effector nucleases. While the convenience
of the CRISPR/Cas9 system possesses certain advantages
over the other technologies, unpredictable lesions intro-
duced by the cellular DNA repair machinery represent a
potential drawback of this system (5). In particular, the
CRISPR/Cas9 approach is reported to increase viral es-
cape through mutations associated with cellular DNA re-
pair (6,7). An alternative genome editing approach to ex-
cise the HIV virus involves engineered versions of tyrosine
site-specific recombinases, specifically the tyrosine recom-
binase Cre from bacteriophage P1 (reviewed in (8–10)). Cre
(Causes Recombination) is one of the simpler members of
the tyrosine recombinase family and is routinely employed
as a research tool to catalyze gene recombination both in
vitro and in vivo (reviewed in (11)). Unlike nuclease-based
genome modification methods, which rely on endogenous,
error-prone pathways to rejoin cleaved chromosomes, Cre
acts with single nucleotide precision and does not require
accessory proteins or co-factors to effect the recombination.

Cre naturally targets a DNA sequence known as loxP
(locus of crossing (x) of P1) (Figure 1). It was demon-
strated early on that Cre could remove intervening chro-
mosomal DNA from loxP-flanked sequences in mice and
that Cre is highly specific for its DNA target (12,13). Re-
combination by Cre occurs in an ordered, stepwise fashion
(detailed schematically in Supplementary Figure S1) (re-
viewed in (14,15)). The multi-step recombination reaction
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Figure 1. Sequence of loxP and loxLTR recombination sites and
schematic comparison of protein–DNA interactions for Cre/loxP and
Tre/loxLTR. DNA sequences are black (conserved between loxP and
loxLTR) or red (not conserved). Standard loxP numbering is shown.
Lower case letters indicate the central 8-bp spacer region. The horizontal
arrows indicate the orientation of the inverted repeat sequences in loxP and
highlight the symmetry in the loxP target. The scissile phosphates are indi-
cated by pink and black circles in the active and inactive arms, respectively.
Red arrows indicate site of cleavage. Phosphate backbone interactions are
indicated by a red +. Only residues involved in base-specific interactions
are shown and are placed adjacent to the interacting base, with a solid line
drawn to the base for clarity. Residues in blue letters on yellow oval indi-
cate amino acid sequence difference between Cre and Tre. The indicates
the loss of an interaction. The black lower case letters at the ends of the
loxLTR sequence show the additional nucleotides used for crystallization
of the Tre/loxLTR complex. The PDB ID: 3C29 was used for the Cre/loxP
analysis (except for the K201 interaction which was 1NZB).

involves ordered DNA cleavage and ligation at four dis-
tinct sites, and all four copies of Cre, bound to two loxP
sites, participate in catalysis. Cre has been the subject of
many structural studies, and the resulting structures have
helped elucidate the details of Cre’s interaction with the
highly bent loxP DNA (reviewed in (14,15)). Within the Cre
tetramer, two Cre molecules adopt a ‘cleaving’ conforma-
tion and the other two a ‘non-cleaving’ conformation. The
reaction proceeds through a quasi-planar Holliday junction
(HJ) intermediate with pseudo four-fold symmetry, and the
complex undergoes isomerization such that the cleaving Cre
protomers adopt the non-cleaving conformation and vise-
versa. In this process, two molecules of Cre bind each loxP
site. The loxP sequence is 34-nt long, and the first and last
13 nt form a perfect, inverted repeat. The 8 nt in the mid-
dle of loxP, commonly referred to as the spacer, have no
sequence symmetry. Most of the contacts between Cre and
loxP occur within the 13-bp regions of the DNA, but strand
exchange occurs within the asymmetric, central nucleotides
of loxP (Supplementary Figure S1).

When the HIV retrovirus integrates into human chromo-
somal DNA, it does so such that the protein-coding regions
are flanked by long terminal repeats (LTRs). These LTR re-
gions are important for transcriptional control of the HIV
genes (16). A Cre variant known as Tre was previously gen-
erated by substrate-linked protein evolution (17). Tre has
19 amino acid substitutions relative to Cre and targets a
34-bp sequence called loxLTR from the LTR of an HIV
primary isolate (18). The targeted loxLTR sequence, dif-
fers at 17 of the 34 positions relative to loxP, and it lacks
the inverted repeats of Cre’s target (Figure 1). Activity of
Tre for loxLTR is comparable to tyrosine recombinases on

their targets found in nature, and recombination is loxLTR
specific, as little to no activity is observed on other target
sequences (8,18). Expression of Tre in HIV-1 infected cells
containing the loxLTR sequence can remove the integrated
provirus and cure cultured cells from the infection (18). The
anti-HIV activity of Tre was also demonstrated in vivo, us-
ing a lentivirus-based delivery system, where Tre success-
fully excised proviral DNA from human CD4+ T-cells and
CD34+ hematopoietic stem and progenitor cells in a hu-
manized mouse model. Recombination resulted in the ex-
pected genomic scar, and there were no cytopathic effects
(19). This technology represents a promising new approach
to tackling the problem of persistent HIV infection medi-
ated by infected, but dormant, cells.

Within loxLTR, only 5 of the 13 bases in the ‘inverted-
repeat’ region are identical. Thus, unlike Cre, Tre must
specifically recognize two very different DNA sequences
to successfully catalyze recombination. To understand how
Tre interacts with its asymmetric target, we have solved
the X-ray crystal structure of the tetrameric protein–
DNA complex using a catalytically inactive point mu-
tant (TreY324F). We have also analyzed the functional sig-
nificance of the individual Cre-to-Tre sequence changes
through mutagenesis and activity studies. Given the grow-
ing importance of designer recombinases, this work pro-
vides a foundation for accelerating the generation of new
designer enzymes with therapeutic potential.

MATERIALS AND METHODS

Cloning, expression and purification of TreY324F recombinase

A catalytically inactive mutant of Tre, containing a Y324F
mutation, was subcloned into the Escherichia Coli ex-
pression vector pLIC-His (20). This vector encodes a fu-
sion protein with an N-terminal hexahistidine tag followed
by a tobacco etch virus (TEV) protease recognition se-
quence. The TreY324F-expressing plasmid was transformed
into RosettaTM(DE3) cells. Each liter of 2 × YT medium
containing 100 �g/ml ampicillin and 34 �g/ml chloram-
phenicol was inoculated with an overnight culture (1:100
dilution). The cells were grown at 37◦C with shaking un-
til an OD600 of 0.7–0.8. At that point the temperature was
dropped to 18◦C for 30 min, after which isopropyl �-D-1-
thiogalactopyranoside (IPTG) was added to a final concen-
tration of 100 �M. The cells were harvested 16–20 h later.
Each 1 l of cell pellet was resuspended in ∼50 ml of resus-
pension buffer (RB) (50 mM Tris pH 7.5, 1 M NaCl, 0.5%
Triton-X-100, 10% glycerol, 0.01% �-mercaptoethanol, 1
mM phenylmethylsulfonyl fluoride (PMSF)). The cells were
stored at −20◦C until the protein purification. All purifi-
cation steps were performed at 4◦C. The cells were lysed
with four passes through an Emulsiflex-C5 microfluidizer
(Avestin). The lysate was ultracentrifuged at 125 000 g for 30
min, and the supernatant was loaded onto a Ni-NTA (Qia-
gen) column pre-equilibrated in RB with 10 mM imidazole
pH 8.0. The protein was eluted using an imidazole gradient.
The fractions containing TreY324F were pooled and TEV
protease was added in a 1:100 mass ratio and allowed to
incubate overnight. The digested TreY324F was diluted 3- to
4-fold into buffer S0 (10 mM Tris pH 7.5, 10% glycerol, 0.1%
�-mercaptoethanol) and then immediately loaded onto a
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cation exchange column (Source15 S, GE Healthcare) pre-
equilibrated in buffer SA (20 mM BisTris pH 5.6, 200 mM
NaCl, 10% glycerol, 0.1% �-mercaptoethanol). The column
was developed using a NaCl gradient to 2M. The fractions
containing TreY324F were pooled and flash-frozen in liquid
nitrogen and stored at −80◦C.

Purification of DNA for crystallization

Oligonucleotides (one micromole scale) for crystallization
were synthesized by IDT (Integrated DNA Technologies)
and purified by high-pressure anion-exchange chromatog-
raphy, as previously described (21). The purified oligonu-
cleotides were resuspended in 500 �l annealing buffer (10
mM Tris pH 7.5, 50 mM NaCl) and mixed together in a 1:1
molar ratio. The mixture was heated to 94◦C for 3 min, then
allowed to cool slowly to room temperature. The concentra-
tion of the oligomers was calculated using the extinction co-
efficients from IDT’s website (https://www.idtdna.com/calc/
analyzer). The DNA sequence used in the crystallization of
the TreY324F/loxLTR complex is shown in Figure 1.

Crystallization

The loxLTR DNA duplex (sequence shown in Figure 1)
used for crystallization was diluted to 150 �M with (20 mM
BisTris pH 5.6, 750 mM NaCl, 0.1% �-mercaptoethanol).
The duplex contains an extra G-C base pair on either side
of loxLTR and 5′ Cyt or 5′ Gua base overhangs to facili-
tate crystal formation. The TreY324F/loxLTR complex was
made by mixing the protein TreY324F (10 �M) and the DNA
(150 �M) in a molar ratio of 1:1.5 of protein:DNA. This
mixture was incubated for 15′ at RT and concentrated to
∼50 �M using a Vivaspin 500 5 kD spin concentrator (GE
Healthcare). Crystallization trials using previous Cre/loxP
conditions as a starting point were unsuccessful despite
the fact that many Cre/loxP crystal structures are isomor-
phous to each other and previous Cre/loxP crystals were
obtained under a fairly narrow set of crystallization condi-
tions. High-throughput crystallization methods were used
with commercially available crystallization screens to iden-
tify initial crystallization conditions. The best diffracting
crystals of TreY324F/loxLTR were grown at RT using the va-
por diffusion method in Linbro trays by mixing 2 �l of the
TreY324F/loxLTR complex with 2 �l of the reservoir solu-
tion (10 mM sodium citrate, 25–32.5% Peg 6000). Crystals
appeared in about 3–4 weeks, and micro-seeding, when suc-
cessful, decreased the crystal growth time to 4–7 days.

X-ray data collection

TreY324F/loxLTR crystals were harvested using a cryoloop
(Hampton Research Inc), transferred to a cryogenic solu-
tion (10 mM sodium citrate, 35% Peg 6000, 15% ethylene
glycol), flash frozen in liquid nitrogen (LN2) and stored in
LN2. X-ray data were collected at 100 K at the Advanced
Light Source Beamline 8.22 (Lawrence Berkeley National
Laboratory, Berkeley, CA, USA). X-ray data were reduced
with HKL2000 (22) and MOSFLM (23). The crystals grew
in the space group P21 (a = 70.26 Å, b = 193.39 Å, c = 89.02
Å, � = 111.25◦), with a complete tetrameric complex (four

copies of TreY324F and two copies of loxLTR dsDNA) in the
asymmetric unit cell.

Structure determination, refinement

The TreY324F/loxLTR structure was solved by molecu-
lar replacement using the program PHASER (24), within
the CCP4 suite (25) of crystallographic programs. The
CRE/loxP structure (PDB ID: 1Q3U) was used as the ini-
tial search model. Both the program Refmac5 (26), within
the CCP4 suite, and the program Phenix (27) were used to
refine the structure at different stages. The molecular graph-
ics program Coot (28) was used for manual rebuilding be-
tween successive rounds of refinement. In addition, near the
end of the refinement, the coordinates were submitted to the
PDB REDO server (29) to further optimize the model. The
final refined coordinates were deposited to the RCSB data
bank (PDB ID: 5U91).

Structural analysis

Figures of molecular structures were made using Py-
MOL (The PyMOL Molecular Graphics System, Version
1.7.4 Schrödinger, Limited Liability Company). Figures
of protein–DNA interaction surface areas were calculated
using the PyMol plugin PDVis1.2 (30). Superpositions
of structures were performed using the program ALIGN
within PyMOL, SSM and LSQ within Coot. Superposition
of the active site residues (Arg 173, Lys 201, His 289, Arg
292, Trp 315 and Tyr 324) was performed within PyMOL
using the command pair fit. To calculate relative rotations
between Tre and Cre tetramers, one Tre monomer was su-
perimposed upon one Cre monomer. Then, the amount of
rotation required to superimpose each remaining monomer,
was calculated. Sequence alignments were performed using
the programs Esprit (31) (http://espript.ibcp.fr) and JalView
(32). RMSDs between Tre and all Cre structures were cal-
culated using PDBePISA (33) and PDBeFOLD (34). Sur-
face areas were calculated using the program PISA (33).
Nucleotide conformation were analyzed using the program
3DNA (35). Interaction diagrams were based upon anal-
ysis using the programs PDBSUM (36), CCP4 and PISA.
Nucleotide–protein interactions of Cre-DNA structures de-
posited in the PDB database were also analyzed using the
NPIDB database (37) (PDB IDs used include 3C29, 2HOI,
1CRX, 1Q3U, 1NZB).

Molecular modeling

A 3D structural model of a cleaving conformation of Tre
bound to the right arm loxLTR sequence was generated.
This model was made using the coordinates of the cleav-
ing Tre conformer and modeling the right arm loxLTR se-
quence onto the left arm loxLTR sequence, by altering the
necessary bases, but not altering the DNA backbone coor-
dinates, using the molecular graphics program COOT.

Mutagenesis and activity assays

For activity tests in E. coli, recombinases were expressed
from the pEVO vectors containing the target sites loxLTR

https://www.idtdna.com/calc/analyzer
http://espript.ibcp.fr
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Figure 2. Recombination efficiency and specificity of Tre mutants on
loxLTR and loxP. Agarose gel showing the activity of Tre mutants on
loxLTR (A) and loxP (B), respectively, in comparison to Tre. Escherichia
coli cells harboring the pEVO vector containing the respective recombi-
nase coding sequence and indicated target site were grown at 100 �g/ml
L-arabinose. Recombination was assayed by restriction enzyme digest, re-
sulting in a smaller fragment for recombined (one triangle) and a larger
fragment for non-recombined substrate (two triangles). M, DNA marker.

or loxP, respectively (described in (18)). To generate the
described Tre mutants, site-directed mutageneses were per-
formed using the Q5® Site-Directed Mutagenesis Kit
(NEB) following the manufacturer’s instructions.

To assay recombination efficiency of the Tre mutants,
plasmid DNA (pEVO-mutant-target) was isolated from L-
arabinose (100 �g/ml) induced overnight cultures and di-
gested with BsrGI and XbaI (NEB), resulting in different
fragment sizes for recombined versus non-recombined sub-
strate on an agarose gel.

RESULTS AND DISCUSSION

Mutational analysis of Tre on loxLTR

To understand the functional importance of the individual
amino acid changes in Tre, each change in Tre was mutated
back to its Cre counterpart and tested for activity in bac-
teria, using arabinose to induce expression of the mutated
Tre enzymes (Figure 2A). This is the same type of assay
used to identify the mutations leading to Tre and other de-
signer recombinases (17,18). Of the 19 altered residues in
Tre, 17 caused a strong to moderate decrease in activity
against loxLTR when mutated back. Interestingly two mu-
tations (at positions 30 and 35) increased activity. As dis-
cussed in detail below, many of the residues that cause the
greatest decrease in activity contact the DNA directly (po-
sitions 262, 263, 317 and 320), and one (position 93) makes
a water-mediated DNA contact. These residues are directly
involved in changing specificity. Interestingly, changes near
the N-terminus, which is not traced in Tre or earlier Cre
structures, also appear to be important for the altered speci-
ficity, suggesting that the N-terminus has a yet unidentified
role for target-site recognition. This result is surprising, as
deletion of the first 12 AA from Cre has shown no effect
on recombination on loxP (38). However, these results were
obtained in in vitro recombination assays only. Future work
is required to investigate the role of the N-terminus of Cre-
like recombinases for target site selectivity.

To determine whether Tre-to-Cre mutations cause the en-
zyme to revert its specificity back to loxP, we also exam-
ined the activity of a subset of these mutations against the
Cre substrate (Figure 2B). As discussed below, mutations at
positions 35 and 93 showed some activity against loxP. In-
dividual mutations of DNA-contacting residues (262, 263,

Table 1. X-ray data collection and refinement statistics

Tre/loxLTR (PDB ID: 5U91)

Data collection
Space group P21
Wavelength (Å) 0.9792
Cell dimensions

a, b, c (Å) 70.26, 193.39, 89.02
α, β, γ (◦) 90.00, 111.25, 90.00

Resolution (Å) 96.7–3.1 (3.27–3.1)a

Rmerge
b 0.239 (0.293)

Rpim
c 0.116 (0.232)

I/�(I) 3.9 (1.6)
CC1/2 0.951 (0.798)
Completeness (%) 90.7 (62.4)
Redundancy 4.2 (2.1)
Refinement
Resolution (Å) 63.0–3.10 (3.21–3.10)
No. reflections 36191 (2280)
Rwork/Rfree (%) 20.9/25.3
No. atoms 13 259

Protein 10 202
DNA 3022
Water 35

B factors 57.0
Protein 55.4
DNA 62.5
Water 30.0

R.m.s. deviations
Bond lengths (Å) 0.004
Bond angles (º) 0.64

aValues in parentheses are for highest-resolution shell.
b Rmerge = ∑

hkl
∑

j |Ihkl,j− < Ihkl >|/ ∑
hkl

∑
j Ihkl,j

c Rp.i.m. =
∑

hkl

√
n

n−1
∑n

j=1 |Ihkl,j−<Ihkl>|∑
hkl

∑
j Ihkl,j

317 and 320) were not sufficient to revert Tre’s activity to
loxP. Collectively these data show that the overwhelming
majority of the Cre-to-Tre changes contribute to the activ-
ity of Tre against loxLTR.

Structural overview of Tre/loxLTR

In our crystal structure, Tre binds loxLTR, and forms a
synaptic assembly wherein four copies of Tre and two copies
of the intact, double-stranded DNA form a tight com-
plex. The active site Y324F mutation traps the complex
at this stage. The crystals are of space group P21, and the
tetrameric model of TreY324F/loxLTR has been refined to
3.1 Å resolution (Table 1). The 19 mutations in Tre rela-
tive to Cre are distributed throughout the sequence (Fig-
ure 3A and Supplementary Figure S2). The location of
these mutations is shown on the TreY324F structure as red
spheres in Figure 3B–D. The Tre/loxLTR crystals are not
isomorphous with those seen in earlier Cre/DNA struc-
tures, but the antiparallel arrangement of the tetrameric re-
combinase and DNA is similar. Two molecules of Tre bind
each loxLTR duplex; one interacts with the ‘left’ arm, and
the other with the ‘right’ arm (Figure 3D). Like Cre, Tre
forms a C-clamp shape around each arm of the DNA (Fig-
ure 3C), with an N-terminal domain (AA 20–129) and C-
terminal domain (AA 132–341) forming each end of the C-
clamp. As in Cre/loxP, both copies of the loxLTR DNA
are bent (∼108◦), and most of this bending occurs in the
central, 8 bp region of the DNA, a region with few pro-
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Figure 3. Overview of the Tre/loxLTR structure. (A) Schematic of secondary structure of Tre. The amino acid sequence of Tre is shown as a gray box and
numbered below. Helices are indicated by blue boxes. Location of mutations relative to Cre are shown as blue lines. Protein–DNA phosphate interactions,
and base-specific interactions are shown as pink triangles and stars, respectively. The location of the nucleophile 324 is indicated by a yellow line and
yellow star. (B) Ribbon diagram of Tre/loxLTR tetrameric complex. Mutations in Tre relative to Cre are shown as red spheres centered at the C-� atom,
and labeled. The mutated catalytic nucleophile Y324F is shown as orange sticks. The cleaving and non-cleaving conformers are colored cyan and yellow,
respectively. The angular rotation required to superimpose Tre molecules is indicated. (C) Ribbon diagram of Tre monomer. Two views are shown for
clarity. Mutations and �-helices are labeled. N and C termini indicated. A small view of the monomer on DNA is shown below. The loxLTR DNA is
colored gray where its sequence matches loxP, and pink, where its sequence differs. The location of the scissile phosphates (blue spheres) is indicated. (D)
Ribbon diagram of a Tre/loxLTR dimer.
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Figure 4. Superposition of cleaving and non-cleaving conformers of Tre. (A) The N-terminal domains of cleaving conformer (cyan) and the non-cleaving
conformer (yellow) are superimposed (RMSD ∼0.4 Å). The C-terminal domains differ by ∼6◦ rotation, and superimpose less well (RMSD ∼2.7 Å).
The mutations relative to Cre are shown as red sticks. The conformational changes result in a displacement of the helices M and N at the C-terminus.
The loop region (AA 197–209) also exhibits a large conformational change (∼14 Å distance between Thr 206). This loop is colored orange (non-cleaving
conformer), and blue (cleaving conformer) for clarity. (B) Comparison of non-cleaving Tre and Cre conformers. Non-cleaving conformer of Tre (yellow)
and Cre (orange) were superimposed. The location of Tre mutations are shown as small red spheres. (C) Comparison of cleaving Tre and Cre conformers.
Cleaving conformer of Tre (cyan) and Cre (orange) were superimposed. The PDB ID used in this superposition was 3C29. (D) Superposition of Tre and
other Cre structures. For each Cre tetramer, a Cre cleaving conformer was superimposed onto the Tre cleaving conformer. The results are displayed as a
ribbon diagram with Cre/loxP colored gray and Tre cleaving and non-cleaving conformers colored blue and purple, and loxLTR colored red. The PDB IDs
of the Cre/loxP structures used in this superposition are 1NZB, 4CRX, 5CRX, 3C28, 3C29, 1Q3U, 2HOF, 2HOI, 1Q3V, 1OUQ, 1CRX, 3MGV, 1PVP,
1PVQ, 1PVR, 1MA7. Note that Tre is often at the extreme ‘edge’ of the range of variability seen for the other Cre structures.

tein contacts. Alignments with earlier Cre structures reveals
that the Tre subunit bound to the left arm is in the cleav-
ing conformation, and the Tre bound to the right arm is
in the non-cleaving conformation. (Catalytic residue 324 of
the non-cleaving conformer is 1.6 Å farther from the scissile
phosphate than the cleaving conformer).

Within the crystal, the second pair of Tre molecules,
bound to the second copy of the DNA, are arranged in
an antiparallel orientation relative to the first (Figure 3B).
The Tre molecules related by this non-crystallographic sym-
metry are very similar. Superposition of the two cleaving
monomers or the two non-cleaving monomers gives a root

mean square deviation (RMSD) of ∼0.3 Å over C�’s from
AA 21–340. The cleaving and non-cleaving Tre monomers
superimpose less well as evidenced by an RMSD of 2.3 Å.
In this superposition, the N-terminal domains superimpose
more closely (RMSD 0.7 Å) than the C-terminal domains
(RMSD 2.7 Å) (Figure 4A). Relative to the N-terminal do-
main, the C-terminal domain is rotated ∼6◦ between the
cleaving and non-cleaving conformers. These observations
are consistent with the differences observed between the
cleaving and non-cleaving conformations of Cre (39).
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Global changes of Tre/loxLTR relative to Cre/loxP

Conformational comparison of Tre to Cre. Twenty-three
crystal structures of Cre/loxP representing various states
along the reaction pathway are available from the Protein
Data Bank. Although, there are many sidechain differences,
the backbone structures of Tre and Cre monomers are gen-
erally similar, as evidenced by low RMSDs (0.7–2. 0 Å on �
carbons) from the superposition of Tre monomers with all
published Cre/loxP structures (Supplementary Table S1).
The 2.2 Å structure of a synaptic complex (PDB ID: 3C29,
K201A mutation) was selected for our comparisons because
both the protein backbone and the DNA backbone seemed
closest to the structure of TreY324F/loxLTR reported here.
Unless indicated otherwise, comparisons discussed below
are relative to this Cre/loxP structure. Superposition of the
non-cleaving Tre and Cre conformers results in an RMSD
of ∼0.94 Å (over 322 C�s), Figure 4B. The largest differ-
ences between Tre and Cre are in the bending loop region
(AA 198–208), a flexible region that contains no mutations
and is disordered in some Cre/loxP structures. Superposi-
tion of the cleaving Tre and Cre conformers results in an
RMSD of ∼0.8 Å over 322 C�s (Figure 4C). Regions of
larger differences (RMSDs > 1.3 Å) of the C� backbone
occur at amino acids 189–191, 244–247, 276–279, 330–340.
Only one of these regions (AA 244–245) contains amino
acid changes in Tre. Superposition of the C-terminal do-
mains (AA 130–310, omitting helices M and N) results
in a very low RMSD of 0.45 Å. The residues that move
the most are the C-terminal residues that are involved in
protein–protein interactions. These modest changes propa-
gate throughout the complex, as seen by the superposition
of the Tre tetramer with previously published Cre structures
(Figure 4D).

Changes in DNA conformation. In Cre/loxP structures,
DNA bending has been shown to occur primarily in the cen-
tral region, but not always in the same location. As in 3C29,
our structure shows a kink adjacent to the non-cleaving scis-
sile phosphate (Figure 5). Both structures exhibit a similar,
large negative roll (−30◦) adjacent to the scissile phosphate
in the inactive arm of the complex. A negative roll was also
observed in the Cre/loxP structure of a synaptic complex
(PDB ID: 2HOI) (40) as well as in the presence of loxS (41),
a symmetrized loxP sequence having an even larger negative
roll (−49◦).

Detailed Tre-loxLTR analysis

The structural analyses detailed below demonstrate that
Tre’s recognition of loxLTR is achieved by an assortment
of strategies including altered interactions of non-mutated
residues with protein or DNA, loss of base-specific in-
teractions, novel interactions with the mutated bases and
changes in DNA conformation. In addition, we see protein–
protein interface differences that are likely responsible for
large-scale domain movements. We also see changes near
the active site that may help compensate for these large-scale
movements.

Of the 19 mutations in Tre, only nine contact the DNA in
some way. Among these, three make sequence-specific con-
tacts (AA 94, 244, 259); the others interact with the DNA

backbone. Three of the DNA-contacting residues also in-
teract with a neighboring Tre molecule (AA 131, 317, 320).
The apparent role of each mutated residue is summarized
in Supplementary Table S2. Protein–DNA interactions for
both Cre/loxP and Tre/loxLTR are summarized in Figure
1, and a detailed schematic is shown in Supplementary Fig-
ure S3. The extensive interactions between the protein and
the phosphate backbone (red plus signs) are highlighted in
Figure 1. Six of the DNA-contacting mutations in Tre map
to the ‘recognition helices’ (�B, �D and �J) that lie within
the major groove of the DNA: K43E on �B, G93C and
Q94R on �D, and R259Y, E262Q, and G263R on �J. Some
of these mutations (e.g. Q94R, K43E and K244R) form or
prevent direct, base-specific contacts. The others contact
the phosphate and/or ribose backbone. As in Cre/loxP (re-
viewed in (10)) some of these interactions, notably those
at positions Arg 94 and Glu 43, are buttressed by well-
ordered water molecules. The text below describes the most
important specificity determinants from the perspective of
the DNA. Because the two copies of the Tre/loxLTR in
the asymmetric unit are not completely identical, the in-
teractions noted do not always appear in both complexes.
In addition, the cleaving conformer of Tre interacts more
closely with the left arm of the loxLTR, hence there are
more sequence-specific protein–DNA interactions with the
left arm, than the right arm, therefore, we have organized
the following section by left arm loxLTR location. We have
added information of the analogous position in the right
arm where interesting.

loxLTR mutated base position 5: Ade-Thy to Thy-Ade

Altered specificity in recognition helix D: K86, Q90, Q94R.
loxLTR contains a mutated base-pair at position 4′ on the
right arm (Ade-Thy) and at position 5 on the left arm (Thy-
Ade). Helix �D (AA 85–102) lies in the major groove near
the scissile phosphate which is located between positions 4
and 3, or 4′ and 3′, respectively, of the DNA. Within helix
�D, the sidechains of Lys 86, Gln 90 and Gln 94 are espe-
cially noteworthy. In Cre/loxP, Lys 86 makes base-specific
interactions in both conformers to bases at position 4 or 4′.
In the left arm, Lys 86 forms an H-bond with N7 of Ade 4
(Figure 1). In the right arm, it forms an H-bond with the O6
of Gua 4′. In the cleaving-conformer of Tre, however, Lys
86 no longer contacts the DNA at all and forms a hydrogen
bond with Gln 89 sidechain (Figure 6). Superposition of Tre
and Cre helix �D show that in Tre, Lys 86 is farther from
the DNA, and no longer forms a hydrogen bond with the
N7 of Ade 4. In one copy of the non-cleaving Tre conformer,
there is no sidechain electron density for Lys 86. In the other
copy, Lys 86 again preferentially interacts with Gln 89, and
not the DNA. Therefore, altered DNA conformation and
the addition of a hydrogen bond between Gln 89 and Lys
86 results in the loss of a Cre-DNA specific interaction at
positions 4 and 4′.

Residues 90 and 94 appear to work in concert. Gln
90 makes base-specific interactions in both Cre/loxP and
Tre/loxLTR, but these interactions differ. In Cre/loxP, the
Gln 90 sidechain is positioned in the major groove where it
is locked in place by interactions both with DNA (forming
hydrogen bonds with O4 of Thy 6 and N6 of Ade 5, and with
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Figure 5. Tre/loxLTR DNA conformational analysis. (A) loxLTR DNA parameters Roll versus loxLTR sequence. The loxLTR sequence is shown below
the graph and colored pink where there is a mutation relative to loxP. The letters in bold indicate the location of the 13 bp ‘arms.’ The pink and blue
circles indicate the location of the active and inactive scissile phosphates, respectively. The lower case letters indicate the nucleotides present in the crystal
structure. (B) A stick representation of the loxLTR DNA with a line representing the helical axis. The strands are colored beige and gray and are colored
pink where there is a mutation relative to loxP. The scissile phosphates are depicted as spheres colored as in A. (C) (left) A close-up view of the boxed
region from B, highlighting the kink adjacent to the inactivated phosphate. (right) A surface representation of the central region highlighting the width of
the major and minor grooves, and the location of scissile phosphates shown as spheres.
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Figure 6. Comparison of Tre/loxLTR and Cre/loxP protein–DNA interactions. (A) Overview of selected Tre segments on loxLTR shown as a ribbon
diagram. Shown is the left arm of the LoxLTR colored gray (conserved) and magenta (mutated). The scissile phosphates shown as blue spheres. The
Tre regions shown are labeled, and the location of the mutated residues present in these regions is shown as red spheres. (B) (Left) Close-up of the Tre
Q94R/loxLTR interaction. Helix D from the cleaving Tre monomer (cyan, mutations colored red) bound to loxLTR (colored magenta where sequence
differs from loxP) is shown. (Right) This shows the same region of Cre (light brown)/loxP. Hydrogen bond or polar interactions are indicated by dashed
lines as determined by PyMOL or distance measurements. Below is the loxLTR or loxP sequence with the relevant base in a larger font to indicate where
this interaction occurs in the DNA target.

the opposite DNA strand) and with the sidechain of Gln
94, a residue mutated to Arg in Tre. In contrast, in Tre, Gln
90 must alter its sidechain conformation to prevent a steric
collision that would otherwise occur with Arg 94. Therefore
Gln 90–DNA interactions shift by one base pair relative to
loxP (from positions 6–5 to positions 5–4).

In Cre, the sidechain of Gln 94 is too short to make any di-
rect interaction with the DNA. The longer sidechain of the
Q94R mutation adds a new a base-specific interaction with
the N7 of Ade 5 (altered from Thy 5 in loxP). In Tre, Gln 90
also helps lock the Q94R sidechain into position through a
hydrogen bond. In the right arm of loxLTR, Arg 94 is too
far from Ade 4′ and instead interacts with the phosphate
backbone, again, buttressed by Gln 90. Together, the altered
conformation of Gln 90 and the Arg 94 mutation recognize
the altered base pair Thy-Ade at position 5.

loxLTR mutated base position 9: Gua-Cyt to Cyt-Gua

Altered specificity in recognition helix B: K43E. In
Cre/loxP Lys 43, located on helix B, forms a hydrogen bond
with N7 of Gua 9 (Figure 7). The mutation of Gua 9 to Cyt

Figure 7. Close-up of the Tre K43E/loxLTR interaction. Colored as in
Figure 6. On the right panel, Tre/loxLTR are shown as transparent sticks.

9 in the left arm of loxLTR replaces a hydrogen bond accep-
tor (N7 of Gua) with a hydrogen bond donor (NH2 of Cyt).
In addition, superposition of Tre and Cre helix B, shows
that the DNA conformation differs and that the sidechain
of Cre’s Lys 43 would sterically collide with the Cyt 9 of
loxLTR. Therefore Lys 43 cannot form a hydrogen bond
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Figure 8. Close-up of the Tre R259Y/loxLTR interaction. Colored as in
Figure 6. On the right panel, Tre/loxLTR are shown as transparent sticks.
In addition, Y324F from each of the two copies of the cleaving Tre is shown
to highlight the conformational variability, where one is within hydrogen
bonding distance. Also the loxLTR G 10 shifts relative to loxP ∼ 1.3 Å.

with Cyt at this position. In Tre, the K43E mutation is sim-
ply too far to interact with the DNA. Our mutational data,
however, indicate that this change is of little consequence,
as changing Tre residue 43 back to Lys has only a very mild
effect on activity (Figure 2A).

loxLTR conserved base position 10: Cyt-Gua

Altered specificity in recognition helix J: R259Y, E262Q,
G263R. The loxLTR sequence is the same as loxP at po-
sition 10 in the left arm, but the Gua and Cyt bases are
flipped in the right arm at position 10′. The DNA recogni-
tion helix �J contains three Tre mutations: R259Y, E262Q
and G263R. In Cre, the Arg 259 sidechains form strong
bidentate interactions with Gua 10 (left arm) and Gua 10′
(right arm): the N� with O6 and the N� with N7 and this
residue has been identified as a primary determinant of (42)
specificity. The R259Y substitution results in the loss of
these hydrogen bonds (Figure 8). Superposition of helix J
shows that the loxLTR DNA has shifted away from Tre.
In Tre, in general, Y259 is not correctly orientated to form
a strong hydrogen bond with loxLTR, although there are
van der Waals contacts. In one of the cleaving conform-
ers, a polar interaction between the OH group of Tyr 259
and the N7 of Gua 10 is observed. In the other copies, the
Tyr 259 sidechain is too far to form a hydrogen bond, and
more closely resembles an edge-to-face (T-shaped) interac-
tion with the DNA. This type of pi–pi interaction is stabi-
lizing and may be involved in nucleic acid recognition (43).
The G263R mutation appears to stabilizes the Tyr 259 by
forming favorable interactions along the sidechain. Arg 263
is further locked into place via a hydrogen bond from Glu
266.

Cre/loxP structures reveal that the negatively charged
sidechain of Glu 262 has an unusual direct interaction with
the phosphate backbone (between position 7 and 8 on the
bottom strand). In Tre, the Gln 262 forms a ‘traditional’
phosphate interaction at the analogous position as in Cre.
In Cre, Glu 262 was previously identified as a ‘gatekeeper’
residue that relaxes specificity when mutated to almost any
other amino acid (44,45). In Cre, the E262Q mutation ap-
pears to lower specificity and increase overall affinity for the
DNA (45). Interestingly, mutations at position 262 allowed
Cre to recombine loxP sites mutated at position 11 and 12,

Figure 9. Close-up of the Tre K244R, N245Y/loxLTR interaction. Col-
ored as in Figure 6. On the right panel, Tre/loxLTR is shown as transpar-
ent sticks to highlight the conformation differences in this region.

positions where no direct base interaction occurs (44). The
authors proposed that the Glu 262 mutation allows helix
J flexibility to reorient itself within the major groove, al-
though this comes at the price of lower selectivity ((44) and
reviewed in (11)). These data reinforce the idea that altered
selectivity often proceeds through a state of relaxed speci-
ficity. Indeed, for the evolution of Tre, Glu 262 was altered
early in the selection process. Later, as the DNA targets were
closer to loxLTR, Arg 259 and Gly 263 were observed to
co-evolve for increased specificity, usually to R259Y and
G263R (18). Interestingly, Gln 262 is required for Tre activ-
ity, and its mutation back to Glu does not relax specificity,
(Figure 2). Thus it appears necessary for selectivity in the
context of the other Tre mutations.

loxLTR mutated base position 16: Thy-Ade to Cyt-Gua

Altered specificity in minor groove: K244R, N245Y.
loxLTR contains mutated base pairs at position 16, 16′
and 17′. Residues in the loop preceding recognition helix J
(AA 241–245) make base-specific interactions in the minor
groove in this region. Tre contains two mutations in this
region: K244R and N245Y. In Cre, Lys 244 interacts with
both strands and forms hydrogen bonds with O2 of Thy 16
and Thy 17, and Asn 245 only interacts with the phosphate
backbone at position 17 (Figure 9). In Tre, the two amino
acid substitutions force a widening of the minor groove to
avoid steric collisions. The K244R mutation is too far to
interact with the O2 of the Thy at position 17, but it does
recognize the O2 of Cyt 16. In the right arm, Arg 244 moves
away from the NH2 of Gua 16′, and instead interacts with
the O2 of Cyt 16′ and with the O2 of Cyt 17′ in loxLTR.
The Tyr 245 sidechain packs alongside and stabilizes the
sidechain of Arg 244. In Tre, the N245Y mutation results in
a loss of the Asn 245-phosphate interaction and the DNA
backbone is farther from the protein, resulting in a wider
minor groove at this point.

Tre mutations not involved in DNA sequence-specific interac-
tions

Altered protein–protein interface: M30V, Q35P, A131T.
Three Cre to Tre mutations (M30V, Q35P and A131T)
occur at the protein–protein interfaces of the tetrameric
recombinase complex. Disruption of these interfaces are
known to have functional consequences in Cre (46). In
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Cre/loxP, Gln 35 of the non-cleaving monomer and Glu
123 on the adjacent, cleaving monomer form a hydrogen
bond. Prolines often add rigidity to a structure, and the
Q35P mutation can no longer form the intermolecular hy-
drogen bond (Figure 10A). Interestingly, comparison of
this interface to Cre/loxP shows the loss of another inter-
protein salt bridge between Arg 32 (on the non-cleaving
monomer) with Glu 69 (cleaving monomer) (Figure 10B),
neither of which was mutated. Both of the M30V and Q35P
mutations result in a loss of hydrogen bonds, and hence
a weaker protein–protein interface. We expect that these
changes allow the monomers to make minor conforma-
tional adjustments to improve the protein–DNA interac-
tions. Such changes may have been beneficial during the
evolution process leading to Tre and might not be possi-
ble when the protomers are locked in a particular orienta-
tion as in Cre. Indeed, earlier work proposed that Cre mu-
tants R32V and R32M would lose the inter-molecular salt
bridge of Arg 32 with Glu 69, and that this weakened in-
terface would reduce the cooperativity and enhance accu-
racy to loxP (46). The authors propose this as a general
method to improve specificity of dimeric DNA-binding pro-
teins such as Cre. The crystal structure presented here only
partially supports this hypothesis since in the fully evolved
recombinase, mutating either of these back to Cre (V30M or
P35Q) increased Tre’s ability to recombine loxLTR. In the
case of M30V, we believe this is partially because the smaller
sidechain leaves a small void in Tre (Figure 10B). The P35Q
mutation likewise relaxed specificity such that the mutated
enzyme also exhibited increased activity against loxP. In-
terestingly, the M30V mutation also appeared in another
evolved recombinase, Brec1 (47), suggesting that it serves
an important purpose. These mutations highlight the im-
portance of the protein-protein interface in both recogni-
tion and catalysis.

The A131T mutation sits at a protein–protein interface,
in the region of extended structure (AA 128–133) between
the N-terminal and the C terminal domains. A131T inter-
acts with residues in the flexible loop region (AA 198–208)
that adopt different conformations, hence the interactions
are non-identical. In the non-cleaving conformer, A131T
sidechain is close to both the phosphate backbone at po-
sition Ade 5′ on the right arm and the sidechain of Thr 206
of an adjacent monomer from the opposite loxLTR (Fig-
ure 10C). These extra contacts cannot form in the Cre/loxP
structure.

Tre mutations impacting active site orientation: N317T,
I320S. Finally, Cre utilizes residues in the C-terminus to
communicate allosterically with the neighboring protomer.
Two residues in this region have mutations in Tre: N317T
and I320S. Three new hydrogen bonds between I320S and
N317T and the phosphate of Ade 2 (next to the scissile
phosphate at Cyt 3) are formed, locking the position of the
loop (Figure 10D). The N317T mutation also results in the
formation of a new intermolecular hydrogen bond between
Asn 319 and Thr 316 of the adjacent monomer. These muta-
tions may be important for correctly orienting the catalytic
nucleophile, Tyr 324 and the active site residues. Superpo-
sition of the active sites of Tre and Cre (PDB ID: 3C29)
reveal a striking similarity in the positions of the catalytic

residues (RMSD = 0.21 Å over 6 C�s). This suggests that
these substitutions compensate for unfavorable positional
changes induced by other specificity-determining substitu-
tions. Changing either position 317 or 320 to their Cre coun-
terparts causes a complete loss of activity against loxLTR.
The changes in Tre at these positions may compensate for
movements near the active site induced by the other residues
necessary for altered specificity.

Comparison of loxP and loxLTR half-sites

To assess if the DNA conformation between the cleaving
and non-cleaving conformers plays a different role in the
Tre/loxLTR structure, we first superimposed the left loxP
half-site (or arm) onto the right loxP half-site (PDB ID:
3C29). This analysis reveals that the loxP repeats have a
nearly identical conformation and the DNA backbone dif-
fer from each other most within the central spacer region,
starting near the scissile phosphates. Nonetheless, there are
differences in how Cre interacts with each arm. For exam-
ple, the sidechain of Lys 43 interacts specifically with Gua 9
in the left arm, but points away from the DNA in the right
arm. Next, we superimposed the left loxLTR arm onto the
right loxLTR arm (182 backbone atoms, RMSD = 0.83 Å).
Unlike the loxP half-sites, the conformation of the loxLTR
arms begin to differ from each other earlier than loxP at
position 6 and then more dramatically as it approaches the
scissile phosphates (between positions 3 and 4). These dif-
ferences result in different protein–DNA interactions. For
example, in Tre, Arg 94 interacts specifically with altered
base Ade 5 in the active arm, but with the phosphate back-
bone in the non-specific arm.

Modeling the cleaving conformation on the right arm. The
two loxLTR arm sequences are identical at only 5 of 13
positions (bases 6,7,11,5,16) (Supplementary Figure S4).
Since our structure only shows the cleaving conformation
of Tre bound to the left arm, and during the recombina-
tion cycle, the cleaving conformation must interact with
the DNA sequence of the right arm, we generated a 3D
model of Tre in a cleaving conformation with the right arm
of loxLTR (see ‘Materials and Methods’ section). In this
model, three sequence-specific contacts are conserved be-
tween both arms: Arg 244-Cyt 16, Arg 243-Thy 15 and
Arg 282-Ade 7. Tyr 259 appears to provide van der Waals
stabilization, but not high specificity at position 10 (Cyt-
Gua or Gua-Cyt). loxLTR positions 4 and 5 are not con-
served: Thy5pAde4 versus Ade5pThy4. This location in-
volves sequence-specific interactions with Gln 90, Arg 94
and Lys 201. Gln 90 can easily rotate its sidechain to inter-
act with either a Thy-Ade or Ade-Thy at position 5. Simi-
larly, Lys 201 can easily interact with either an Ade or Thy
at position 4. Arg 94 which interacts with Ade 5 in the left
arm, must adjust its sidechain to avoid a clash with the Thy
5, but could interact with Ade 4′ in the right arm. These ob-
servations suggest that Tre interacts specifically at positions
near the ends of each ‘arm’, and less so in the central por-
tion of the arms (i.e. nucleotide and position 12 in Figure
1). This is consistent with the finding that these regions of
the DNA target are important in Cre/loxP specificity (48).
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Figure 10. Tre mutations not involved in sequence-specific DNA interactions. (A) Close-up of Tre Q35P mutation. This view highlights loss of an in-
termolecular Gln 35 and Gln 123 hydrogen bond in the Q35P mutation. The mutated residues are colored red. Tre (yellow and cyan) and Cre (tan) are
superimposed. Hydrogen bonds and salt bridges are shown by yellow dashed lines. (B) Close-up of Tre M30V mutation at protein–protein interface. This
view highlights loss of salt bridge between Arg 32 in Glu 69 in the Tre/loxLTR complex. A close-up of the boxed portion shows the cavity formed by Val
30 (red spheres) versus Met 30 (tan spheres) (C) Close-up of Tre A131T mutation. This view highlights additional inter-molecular hydrogen bond in Tre
between Thr 131 and Leu 203. (D) Close-up of N317T, I320S Tre mutation. This view highlights new intra- and intermolecular polar interactions.

CONCLUSION AND FUTURE DIRECTIONS

The structure of Tre in complex with its DNA target,
loxLTR, details the molecular basis for the dual specificity
required by engineered, Cre-like recombinases that target
highly asymmetrical DNA sequences. Despite the 13-bp se-
quence identity present within the two halves of loxP, Cre
recombinase interacts with the 13-bp sequences differently:
one via the cleaving conformation, the other via the non-
cleaving conformation. This inherent property of Cre, along
with the intrinsic flexibility of both the protein and the
DNA, helps explain the ability of Tre and other engineered
recombinases to recognize asymmetric targets. Given the
size of the dimer footprint on the DNA substrate, it is also
important that there are relatively few direct base contacts
made by Cre and Tre to loxP and loxLTR, respectively. This
and other work also demonstrate that not every position
in the DNA substrate is specifically targeted. The presence
of so few direct protein-base contacts highlight this point.
Thus, it is important to identify the key positions on the
DNA substrate when choosing targets and designing new
recombinases. Not every mutation that arose in the evolu-

tion of Tre can be explained in the context of altered speci-
ficity. We speculate that some of these may have been struc-
turally important during the evolution process, but are now
dispensable. This may explain why mutating positions 30
and 35 back to their original, Cre amino acids enhances Tre
activity. In addition, this work shows how both mutated and
non-mutated residues in Cre can interact with an altered
DNA target like loxLTR.

Mutagenesis shows that the almost all of the 19 mutated
residues in Tre contribute to the altered enzyme’s activity
against loxLTR. Thus, it is difficult to derive a single ‘take-
home message’ from this work. Previous structural studies
of mutant Cre/mutant loxP have demonstrated that Cre
can utilize multiple mechanisms to recognize altered se-
quences ((49,50) and reviewed in (10)). Our findings expand
on these themes. From a structural perspective, it appears
that the specificity change in Tre was largely achieved, be-
cause Tre/loxLTR loses three important, base-specific con-
tacts (at K43E, K86 and R259Y), alters a base-specific in-
teraction (K244R) and gains a new base-specific contact at
Q94R. K43E, Q94R and K244R appear at modified base
positions 9, 5 and 16 respectively. The structure strongly
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suggests that conformational flexibility of the protein and
DNA are also important. For example, mutated bases at
position 5 in loxLTR and changes in nearby amino acids
alter the conformations of non-mutated amino acid Lys 86
and Gln 90. Another specificity-altering strategy we observe
involves disruption of the protein–protein interfaces by mu-
tations such as M30V and Q35P. It is unclear why the Q35P
and M30V mutations arose, since the structure and the be-
havior of the single revertants indicate that these substitu-
tions were detrimental to Tre function. One explanation,
shown in earlier work (46) is that weakening these interfaces
allows the monomers to more tightly engage the DNA. This
may be beneficial during the molecular evolution process,
and it would explain why similar mutations are found in
another engineered recombinase (47). Mutations which do
not seem important for selectivity, but may be necessary for
correct orientation of the active site, specifically N317T and
I320S, also occur. In addition, mutagenesis demonstrates
that residues 7, 9 and 10, which are in a region not seen in
Tre or any Cre structures are important for activity against
loxLTR. Tre is an enzyme involved in a multistep reaction
that includes complex structural changes. Only one step in
this pathway is illustrated by our structure. Thus, additional
specificity likely occurs at other points in the reaction path-
way.

The number of changes in the DNA arms relative to loxP
and the considerable asymmetry of the loxLTR substrate (8
of 13 nt in the arms differ) distinguish Tre from earlier Cre
mutants and naturally-occurring homologs. For instance,
recent characterization of two new Cre-like recombinases
called Nigri and Panto allowed identification of key residues
that alter specificity (51). Like Cre, however, these enzymes
act on symmetrical substrates. Interestingly, Cre mutations
of R259P and G263K were sufficient to recombine rox, a
substrate that differs at positions 8–10 within the arms (51).
Similarly, CreA174-L258-S259-H262-G266 acts on loxM7, a sub-
strate where the arms differ at positions 7–9. In the crystal
structure, CreALSHG recognizes loxM7 by altering the hy-
dration network to create new protein–DNA contacts (50).
In contrast, the Cre variant CreL174-N258-S259-G262-G266 which
recognizes both loxP and loxM7 (and presumably also acts
on asymmetrical combination of these substrates) created
novel base contacts through a structural shift of the DNA
(50). The Tre/loxLTR structure builds upon these themes
and reveals a combination of strategies for recognition of
an altered DNA target. Many of these structural changes
also involve disruption or alteration of extensive hydrogen
bonding networks.

Like Tre, XerH tyrosine recombinase from Helicobacter
pylori also acts on an asymmetrical DNA substrate; one
arm contains an added base pair near the middle relative
to the other. In contrast to Tre, where the same amino acids
must engage different bases on each side of the complex,
the crystal structure of XerH in complex with its DNA sub-
strate shows largely similar contacts with both arms (52). As
in Tre/loxLTR, flexibility in both the DNA and the protein
are important for recognizing of the asymmetrical substrate.

The holy grail of genome editing is the ability to tar-
get any DNA sequence for insertion, deletion or inversion.
Because they act with high efficiency and with single-base
resolution, engineered variants of Cre have certain intrin-

sic advantages over nuclease-based approach such as the
CRISPR/Cas9 system. Our work with Tre demonstrates
that dual specificity recombinases can be used for genome
editing, but it is important to note that an alternative
approach, using combinations of individually-engineered
Cre recombinases has also shown promise. Biochemical
studies of Cre-variants that are designed to preferentially
form 2:2 heterotetramers represent a step toward this goal
(53,54). The Tre/loxLTR structure highlights an important
challenge with this alternative approach, namely that the
protein–protein interface may change significantly during
the evolution of the altered specificity. Remodeling of these
interfaces is an important consideration in the design of
Cre-like heterotetramers.

The primary value of this structure is the insight it pro-
vides into rational design of improved recombinases with
altered specificities. Indeed, Tre has already been the sub-
ject of such work, using structure-based modeling (based on
Cre/loxP) and molecular dynamics simulations to predict
structural changes (55). X-ray structures are able to provide
better accuracy, particularly with respect to DNA confor-
mation and water molecule participation in DNA recog-
nition. For instance, the crystal structure of Tre/loxLTR
described here reveals a significant widening of the major
groove in the central region which was not anticipated by
previous modeling studies (55). Also, our structure explains
why mutating Val 30 back to Met results in an improved Tre
recombinase.

In recent years, a growing number of recombinases have
been engineered (10). Of particular importance in the
HIV field is the recently Cre-based engineered recombinase
Brec1 (47). Like Tre, Brec1 targets a sequence in the HIV-1
LTR. Whereas the loxLTR sequence is fairly rare in HIV-1
positive patients, the sequence targeted by Brec1 is present
in at least 80% of HIV-1 isolates. Moreover, using a mouse
model and a lentiviral delivery scheme, Brec1 has been
shown to efficiently excise the HIV provirus from patient-
derived cells. We anticipate that the continued combina-
tion of clever genetic selection schemes, molecular mod-
eling and experimental X-ray crystal structures will fur-
ther enhance the utility and power of these potentially life-
changing therapeutics. This structure has shown that a com-
bination of factors including DNA and protein flexibility,
the fact that not every position of the DNA is recognized
and the inherent structural asymmetry of Cre–DNA com-
plexes are all important. Our structure, along with the mu-
tagenesis, shows that almost all of the Cre-to-Tre mutations
contribute to the activity of the evolved enzyme against its
LTR substrate, and that the individual mutations work via a
variety of different mechanisms. More crystal structures of
these engineered recombinases will further improve our un-
derstanding of the complex rules governing recombinase–
DNA interactions and will facilitate our ability to tailor re-
combinase specificity as needed.

ACCESSION NUMBER

Atomic coordinates and structure factors for the reported
crystal structure of TreY324F/loxLTR have been deposited
with the Protein Data bank under accession number 5U91.
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