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and Alix. The budding inhibition by Cep55 over-
expression confirmed this functional link but did
not necessarily imply that Cep55 was required
for L-domain activity. To address this issue, we
depleted endogenous Tsg101 from 293T cells by
small interfering RNA (siRNA) and reintroduced
it by transfecting siRNA-resistant plasmids with
mutations in either the PTAP-binding site
[Met™>—Ala” (M95A)] (26) or in the Cep55-
binding region (8158-162). Depletion of Tsg101
results in a dramatic reduction of HIV-1 infectious
particle release (Fig. 4A) (10), and the L-domain
activity was rescued by transfecting an siRNA-
resistant Tsgl01 but not with Tsgl01(M95A).
Similar experiments with Tsgl101(5158-162)
showed that the Cep55-binding region in Tsg101
was not required for HIV-1 L-domain activity
(Fig. 4A). Additionally, depletion of CepS55 had
no effect on either Tsgl01- or Alix-dependent
budding (fig. S4), indicating that Cep55 is not
required for L-domain activity.

We next determined the role of the Cep55-
Tsgl01 interaction in cytokinesis by following a
similar depletion-replacement approach in HeLa
cells. The percentage of multinucleated cells in
Tsgl101-depleted cells was restored to normal
levels when the siRNA-resistant Tsg101 was re-
introduced (Fig. 4B), showing that the cyto-
kinesis defect observed with the siRNA against
Tsgl01 was specific. An accumulation of cells
arrested at the midbody stage was also observed
in Tsg101-depleted cells (Fig. 4B), and midbody
morphology was nearly identical to that in con-
trol cells, with formation of apparently normal
Flemming bodies. Overall, the cytokinesis arrest
observed in TsglO1-depleted cells is therefore
consistent with defects in abscission. The re-
placement of Tsgl01 mutants showed a par-
tial cytokinesis defect in cells expressing
Tsg101(8158-162), and a similar partial pheno-
type was observed in Tsgl01(M95A)-expressing
cells (Fig. 4B), whereas a Tsgl101 double mutant
(M95A, 8158-162) recapitulated the phenotype
of Tsg101-depleted cells (Fig. 4B). The effect of
Tsg101(5158-162) could be explained by the
lack of binding to Cep55 and recruitment to the
midbody, but Tsgl01(M95A) was recruited to
the Flemming body (Fig. 4C), suggesting that a
downstream defect might explain its phenotype.
Alternatively, efficient Tsg101 recruitment to the
midbody might occur in a complex with Alix and
Cep55. Alix binds to the ubiquitin E2 variant
domain of Tsgl01 through a PSAP motif in the
PRR, and Tsg101(M95A) cannot bind Alix (13),
although its binding to other components of the
ESCRT machinery remained unchanged (fig.
S3). Thus, the partial phenotype observed with
Tsgl01(M95A) may indicate a requirement for
the Tsgl01-Alix interaction to complete abscis-
sion, although more work is needed to prove this
point unequivocally. An additional requirement
for other components of ESCRT-I, specifically
VPS28, was strongly suggested by the phenotype
observed in cells expressing Tsgl101(A3), which
does not bind VPS28 (25). Tsgl01(A3) was

recruited to the central region of the midbody
(Fig. 4C), and the percentage of multinucleated
cells induced by the A3 mutation fully accounted
for the phenotype of Tsg101-depleted cells (Fig.
4B), suggesting that the Tsg101-VPS28 interac-
tion is required to complete abscission.

We found that Cep55, a key component of
the cellular machinery that mediates abscission,
interacts with two endosomal proteins that facil-
itate retroviral budding, namely Tsg101 and Alix.
The cellular pathways that mediate retroviral
L-domain activity and abscission are closely in-
terconnected, which are consistent with a model
whereby the ESCRT machinery mediates mem-
brane fission events essential for efficient sepa-
ration of the daughter cells in the last step of cell
division. The role of ESCRT complexes in yeast
cytokinesis is unclear, but mutations in the
Arabidopsis homolog of TsglO1 induce cyto-
kinesis defects (27), suggesting that the role of
the ESCRT machinery in abscission might be
conserved in multicellular organisms.
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HIV-1 Proviral DNA Excision
Using an Evolved Recombinase

Indrani Sarkar,** llona Hauber,?* Joachim Hauber,?t Frank Buchholz't

HIV-1 integrates into the host chromosome and persists as a provirus flanked by long terminal
repeats (LTRs). To date, treatment regimens primarily target the virus enzymes or virus-cell fusion,
but not the integrated provirus. We report here the substrate-linked protein evolution of a tailored
recombinase that recognizes an asymmetric sequence within an HIV-1 LTR. This evolved
recombinase efficiently excised integrated HIV proviral DNA from the genome of infected cells.
Although a long way from use in the clinic, we speculate that this type of technology might be
adapted in future antiretroviral therapies, among other possible uses.

urrent highly active antiretroviral ther-
‘ apy (HAART) targeting the viral reverse

transcriptase, protease, and virus-host
fusion (I, 2) has transformed HIV-1 infection
into a chronic illness and curtailed the morbidity
of infected individuals. Furthermore, new viral
targets and novel inhibition strategies are being
tested for improved control of HIV-1 (3—7). How-
ever, the current treatment strategies only sup-
press the viral life cycle without eradicating the
infection, and new strains of HIV-1 are emerg-

ing that are resistant to suppressive treatments
(8). An attractive alternative would be the spe-
cific eradication of the HIV-1 provirus.
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A

ATAACTTCGTATA ATGTATGC TATACGAAGTTAT
ACAACATCCTATT ACACCCTA TATGCCAACATGG

ACAACATCCTATT ACACCCTA AATAGGATGTTGT
ACAACATCGTATA ACACCCTA TATACGATGTTGT
ATAACTTCCTATT ACACCCTA AATAGGAAGTTAT

CCATGTTGGCATA ACACCCTA TATGCCARACATGG
CCATCTTCGTATA ACACCCTA TATACGAAGATGG
ATAAGTTGGCATA ACACCCTA TATGCCAACTTAT

Fig. 1. Combinatorial directed-evolution strategy. (A) Recombinase target
sites used during the evolution process are depicted. The bases highlighted

REPORTS

::oxfTR /|/— 5@ Evolution
0X - cycles 5= . ——
_ - quence analysis Identification of
[ | Combine TR of individual clones |muua|iora| hotspots
= and shuffle
LoxLTR1 o T
LoxLTR1a | —— )
LoxLTR1b [ E— | — Combine ﬁ— / %‘/
- — and shutfle
A7 - el
LoxLTR2 ~_mm _ o[-
LoxLTR2a —-— m Combine K’ ii\!'.‘—- l
LoxLTR2b ~ ~— —=— |andshufle, I
Ll ‘J.B\/ ] Functional analysis Selection of
- of individual clones Tre recombinase

-]

in gray represent those different from loxP. (B) A summary of the 126
substrate-linked directed-evolution cycles is shown. The number of evolution cycles for each loxLTR subset is shown inside the arrows, with the final cycle number
shown at the arrowhead. The recombinase library activity of the first and the last cycle of the target sites is shown underneath the respective targets. The
unrecombined and the recombined bands are indicated as a line with two triangles or one triangle, respectively.

A LacZ
e L m——

¢ Recombination

LacZ
White
B
Cre/LoxP Cre/LoxLTR
Tre/LoxP Tre/LoxLTR
A 0 oh 0P
C. ot Sl
i T e e b— — - | 4.9kb
" 4.2kb

ey -
i

%+ 94 8§ ] ] 0 ] 72 12

Fig. 2. Activity of Tre recombinase. (A) Schematic
representation of the reporter assay. Site-specific
recombination leads to the removal of the E. coli
promoter, resulting in ablation of LacZ expres-
sion. (B) Recombination specificity of Tre
illustrated using the indicated reporter plasmids.
Cells were plated on X-galactosidase plates
selecting for both reporter and recombinase
plasmids. White colonies are produced as a result
of the removal of the promoter driving lacZ
expression after recombination. (C) Activity of Tre
recombinase on indicated target sites. The lower
recombined band is shown as a line with one
triangle and the upper unrecombined band as a
line with 2 triangles. The calculated percentage of
recombined plasmid of each target is shown
beneath the lanes.
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Fig. 3. HIV-1 Tat transactivation assay in Hela
cells. (A) Schematic presentation of the reporter
vector pHIV/T2/LUC that contains the loxLTR se-
quence (denoted by a white triangle) within the U3
region of the HIV-1 LTR. Another copy of the
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loxLTR sequence, which is absent in the pHIV/TL/LUC control vector, is located 3’ of the luciferase gene.
Tat transactivation is reflected by increased expression of firefly luciferase. L1 and L2 denote the primer
pair used for PCR detection of recombination (black triangles). Recombination via the loxLTR sites will
delete the luciferase coding region. (B) Relative HIV-1 LTR activity after transfection of Hela cells with
the pHIV/T2/LUC vector in presence and absence of Tre. (C) Relative HIV-1 LTR activity after cells were
transfected with the control vector pHIV/T1/LUC in presence and absence of Tre. (D) PCR detection of
Tre-mediated recombination in cells transiently cotransfected with Tat expression plasmid and the
indicated vectors. The lower band represents the recombined fragment after loss of the luciferase gene
and is only detectable in cells transfected with pHIV/T2/LUC and Tre expression vector.

Mutational and structural analyses have im-
proved the understanding of the intricate enzy-
matic mechanism of site-specific recombinases
and have permitted the identification of variants
with altered properties [reviewed in (9) and
(10)). In particular, Cre recombinase, which has
found widespread use in mouse genetics (/7),
has been intensively studied (/2), and Cre target
specificity can be altered to recognize moder-
ately altered DNA target sites (/3—15). These
studies raise the possibility that new site-specific
recombinases can be generated via directed evo-
lution, which recombine more divergent target

sites. More specifically, our aim was to evolve a
recombinase that would recombine a sequence
present within an HIV-1 LTR. Because Cre can
efficiently remove genomic sequences that are
flanked by two loxP sites (/6), we and others
have predicted that an evolved recombinase
that would recombine a sequence present in
the 5'-LTR and 3'-LTR of an integrated pro-
virus could excise viral sequences from the
genome (13, 17-19).

To start the evolutionary process, we first
scanned HIV-1 LTR sequences for a sequence
with similarity to the canonical loxP site. The
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chosen sequence belongs to the LTR of the
primary HIV-1 strain TZB0003 (20) and is
part of its modulatory U3 region. The selected
loxLTR site is a 34-bp asymmetric sequence
that has 50% sequence similarity to loxP, with
four mismatches in the left element, six in the
right element, and a completely different spacer
(Fig. 1A). This sequence was examined in
substrate-linked protein evolution in Escherichia
coli (13). The 1oxLTR sequence was inserted
into the evolution vector, and Cre and an ar-
chive of mutagenized Cre libraries (/3) were

tested for recombination activity (27). Re-
combination and subsequent polymerase chain
reaction (PCR) would produce a 1.7-kb band
reflecting recombination (fig. S1). However, Cre,
as well as the library, failed to recombine the
loxLTR sites, and no PCR product was obtained,
which shows that the asymmetry and the mu-
tations in loxLTR are too severe to result in
recombination.

Because residual activity is required to start
any directed evolution process (22), we split the
original loxLTR target into two subsets. The

palindromic target sites 1oxLTR1 and loxLTR2
were created based on the original asymmetric
loxLTR sequence (Fig. 1A). However, when
loxLTRs 1 and 2 were tested for recombination
using either Cre or the library, no recombination
was observed. Hence, the mutations in these
sites were still too many for the starting library
to display any activity, and this necessitated the
further splitting of loxXLTRs 1 and 2 by evenly
dividing the half-sitt mutations to form four
new subsets, termed loxLTRs 1a, 1b, 2a, and 2b
(Fig. 1A). Splitting the mutations facilitated rec-

A B
NLT2AenvPuro week, W Tre
—— fat—_ 4 —%’“ O Control
LTR LTR 6 _4
[D H d w [Ij 8 H
= =g
Se~—~—rev—"" 10 . HIV—1 gag
0 500 1000 1500 2000 2500 3000 3500 copies
ACAACATCCTATTACACCCTATATGCCAACATGG week R
—— =
4 — O Control
C 100 - 6 @
g T/
g2 4 F—-
58 @ | —
Bs = 5/3'LTR
=5
- g 20 0 1000 2000 3000 4000 5000 copies
=
" D
E 1.2
S 10 Control / week 4 Tre / week 4 Tre / week 6
8 L Tre : : '
] gg e f Control
] - —
Q
g 0.4
E e EEE
g2 0
week 4 6 8 10 12
E
0.8
E week 8\ o« d
2 __—4 Control E & - = 10.um
B 06 Tre / week 8 Tre / week 12 NC
o
1]
% L I — - Fig. 4. Tre-mediated recombination of HIV-1 proviral DNA. (A) Schematic diagram
£ of the NLT2AenvPuro provirus. The loxLTR sequences are depicted. The spacer
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Puromycin at day 0 day 3 day 6 the 5'- and 3'-LTR region (5'/3'LTR; lower diagram) by quantitative real-time PCR of
[0.5 pg/mli) total genomic DNA isolated from the infected and either Tre-expressing (Tre) or

Tre-deficient (Control) cells at indicated weeks after transfection. (C) Analysis of
virus particle release and cell viabilities. Antigen p24% levels in the culture supernatants were determined by enzyme-linked immunosorbent assay (upper
diagram) at the indicated weeks after transfection. The percentage of inhibition of viral replication within the Tre-expressing culture, compared with the
control cells, is shown. Cell viabilities were simultaneously monitored (lower diagram). (D) Detection of Gag-expressing cells (green label) by indirect
immunofluorescence in the control culture (Control) at week 4 or in the Tre-expressing culture at weeks 4, 6, 8, and 12 after transfection. Incubation
of control cells with the secondary antibody alone served as negative staining control (NC). Nuclei were visualized by DRAQ5 staining (blue label). (E)
Tre-expressing cells are sensitive to puromycin. Cells from the Tre-deficient (Control) or Tre-expressing (Tre) culture of week 8 were exposed to
puromycin and monitored over time for cell viability.
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ognition by recombinases in the library and
hence served as a starting point for subsequent
directed-evolution cycles. Reiterative directed-
evolution cycles resulted in enrichment of the
recombinase libraries with functional candi-
dates (Fig. 1B). The number of evolution cycles
required to obtain efficient recombinases for
each loxLTR varied between the subsets, but
eventually efficient recombination activity of the
libraries was observed for all subsets.

To determine whether a combinatorial ap-
proach would now allow recombination of the
next higher subsets, we pooled and shuffled the
libraries 1a and 1b, and 2a and 2b, and cloned
the products into the evolution vectors harboring
loxLTR1 and 1oxLTR2, respectively. The com-
bination of mutations from the different libraries
resulted in synergistic effects and led to the gen-
eration of recombinases, which now recombined
IoxLTRs 1 and 2 (Fig. 1B), demonstrating that an
evolutionary strategy traversing through interme-
diates can be used to achieve a desired activity.

Next, we tried to address the asymmetry of
the loxLTR target site. A recombinase that recom-
bines an asymmetric target site has to recog-
nize half=sites of varying sequence. To determine
whether this task can be accomplished through
substrate-linked protein evolution, we pooled and
shuffled libraries from loxLTR1 and loxLTR2
and assayed for recombination in the evolution
vector harboring the loxLTR sequence. Very
low recombination activity was detected in the
first cycles that was enriched for functional
candidates in later cycles (Fig. 1B), demon-
strating that symmetry in the target site is not
a prerequisite for the site-specific recombina-
tion reaction.

After a total of 126 evolution cycles, the evo-
lution process was halted and individual loxLTR
specific recombinases were examined for their
recombination properties. Fifty individual recom-
binases were functionally analyzed in E. coli. The
most active recombinase (termed Tre) showed
efficient recombination of the loxLTR site with
some residual activity for loxP (Fig. 2, A and
B). To quantify the target specificity of Tre,
we examined its recombination properties in
the different loxLTR evolution vectors. As in the
reporter assay, Tre efficiently recombined the
loxLTR sequence and displayed residual activ-
ity on loxP. Tre also showed efficient recombi-
nation on loxLTR2b and residual activity on
loxL'TR2, but no recombination was observed on
loxLTR1a, loxLTR1b, loxLTR1, and loxLTR2a
(Fig. 2C). This is unexpected when taking into
consideration that Tre evolved from these
subsets (compare figs. S2 and S3). The reason
for this target specificity is currently unknown.
However, this observation confirms previous
findings that target specificity is regained after
initial relaxation in directed evolution over many
generation cycles (13, 14, 23).

Evolved recombinases from all subsets were
sequenced to monitor the evolution process. The
sequences revealed clustering of mutations arising

from the different subsets that were combined
through the course of evolution and comple-
mented by novel clusters in the higher subsets
(fig. S2 and table S1). In total, Tre has 19 amino
acid changes when compared with Cre, with
many mutations originating from different sub-
sets (fig. S3).

Next, we examined the recombination prop-
erties of Tre in mammalian cells. HeLa cells
were cotransfected with recombinase expression
and reporter plasmids, and recombinase activity
was evaluated 48 hours after transfection. As in
the E. coli assays, Cre efficiently recombined
the loxP reporter but did not recombine loxLTR.
Tre showed efficient recombination on the
loxLTR reporter and some residual activity on
loxP (fig. S4, A and B). To investigate whether
Tre can recombine its target in a genomic
context, a stable loxLTR reporter cell line was
tested for recombination after transfection with
a Tre expression plasmid. PCR assays and (-
galactosidase activity measurements demon-
strated that Tre recombines loxLTR sequences
packaged in chromatin (fig. S4, C and D).

To address the question of whether recombi-
nation mediated by Tre is occurring within the
context of an HIV-1 LTR, reporter constructs
responsive to the HIV-1 Tat transcriptional reg-
ulator were generated and tested (24) (Fig. 3A).
When HelLa cells were cotransfected with a Tre
expression vector along with the Tat vector and
pHIV/T2/LUC, luciferase activity decreased
by a factor of three (Fig. 3B). In contrast, no
decrease in luciferase expression was detected
when the same experiment was performed using
the pHIV/T1/LUC control, containing only one
loxLTR site (Fig. 3C). We performed PCR anal-
ysis to prove that the observed decrease in lucif-
erase expression was a result of recombination
and not of blocking Tat-mediated transcrip-
tion from the LTR promoter by the recom-
binase. This experiment demonstrated that
the reduction of Tat activation was indeed
due to Tre-mediated excision of the luciferase
cassette (Fig. 3D). Gel extraction of the PCR
fragments followed by sequencing confirmed
the precise excision of the loxLTR-flanked
sequence.

To examine whether Tre can excise the pro-
virus from the genome of HIV-l1-infected hu-
man cells, we produced loxLTR containing viral
pseudotypes that were used to infect HeLa
cells. A virus particle-releasing cell line was
cloned and stably transfected, either with a
plasmid expressing Tre or with the parental con-
trol vector. The respective cell pools were moni-
tored with respect to recombinase activity and
virus production. All assays performed demon-
strated the efficient deletion of the provirus from
the infected cells without obvious cytotoxic ef-
fects (Fig. 4, A to E).

These data reveal that it is possible to evolve
a recombinase to specifically target an HIV-1 LTR
and that this recombinase is capable of excising
the respective provirus from its chromosomal

integration site. Using substrate-linked protein
evolution, we demonstrated that target recog-
nition by Cre recombinase can be adapted to a
target site that is asymmetric and very remote
from its original site. Given the relative ease
with which we have altered Cre specificity, it is
likely that additional recombinases could be
generated that target other sequences present in
LTRs (fig. S5). We accept that this approach is
unlikely to be of immediate therapeutic use and
that considerable obstacles would need to be
overcome before an engineered recombinase
could be practically used in any clinical setting.
The most important, and likely most difficult,
among these is that the enzyme would need
efficient and safe means of delivery and would
have to be able to function without adverse side
effects in relevant target cells. Nevertheless, the
results we present offer an early proof of principle
for this type of approach, which we speculate
might form a useful basis for the development of
future HIV therapies.
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