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ABSTRACT. Target sites for homing endonucleases occur infrequently in complex genomes. As a
consequence, these enzymes can be used in mammalian systems to introduce double-strand breaks at
recognition sites inserted within defined loci to study DNA repair by homologous and nonhomologous
recombination. Using homing endonucleases for gene targeting in vivo would be more feasible if temporal
or spatial regulation of their enzymatic activity were possible. Here, we show that the DNA cleavage
activity of the yeast PBceé homing endonuclease can be turned on and off using a redox switch. Two
cysteine pairs (Cys-64/Cys-344 and Cys-67/Cys-365) were separately inserted into flexible DNA binding
loop(s) to create disulfide bonds that lock the endonuclease into a nonproductive conformation. The cleavage
activities of the reduced Cys-64/Cys-344 and Cys-67/Cys-365 variants are similar or slightly lower than
that of the control protein, but the activities of the proteins in the oxidized state are decreased more than
30-fold. Modulating the activity of the proteins is easily accomplished by adding or removing the reducing
agent. We show that defects in DNA binding account for the decreased DNA cleavage activities of the
proteins containing disulfide bonds. Interestingly, the Cys-67/Cys-365 variant toggles between two different
DNA binding conformations under reducing and oxidizing conditions, which may permit the identification

of structural differences between the two states. These studies demonstrate that homing endonuclease
activity can be controlled using a molecular switch.

The sequence of the human genome will help identify it is divided into two domains that separately contain the
genetic mutations that cause inherited diseases, and in therotein splicing and endonucleolytic active sité3)( Both
postgenomic era, one of the central goals will be to develop domains contain amino acid residues that make specific
tools to correct these errors. This need may be partially metcontacts to the DNA substratd§ 19). A comparison of
using homing endonucleases, which can be used to induceawo crystal structures of the apoprotein revealed that several
DNA repair by introducing double-strand breaks at defined surface loops involved in contacting the DNA may be
loci (1). Homing endonucleases recognize long target flexible (20). Affinity cleavage and affinity photo-cross-
sequences (1440 bp) and cleave DNA with extreme linking mapping studies of the FBed—DNA complex
specificity ). They are encoded by selfish DNA elements suggest that they become ordered upon DNA bind&@-(
that are associated with introns or inteis These enzymes  23). Here, we use protein engineering to insert redox switches
have been used successfully in vitro in their native state to into these loops that can be used to reversibly turn on and
facilitate the mapping and cloning of complex genomic DNA off the DNA cleavage and binding activities of the enzyme.
(4—7). Their ability to cleave DNA in vivo at inserted target Furthermore, we present evidence that one of these proteins
sites has enabled the study of double-strand break repair bycan switch between two stable conformations of th&&d—
homologous and nonhomologous recombination in plant, DNA complex that have been previously reporté8, (16).
insect, and mammalian cell813). This work demonstrates a new means of controlling the

The temporal and/or spatial control of homing endonu- activity of DNA endonucleases, and establishes a basis for
cleases would add greatly to their value by enabling them the further development of reagents to use in repairing
to become activated in specific organs or at distinct stagesgenetic lesions within complex genomes.
of q§velopment. As an initial step toyvard controlling t.he MATERIALS AND METHODS
activity of these enzymes, we engineered a reversible, _ o _ _
molecular switch into the PBcé homing endonuclease from Materials. The synthetic oligonucleotides used for site-
yeast (4). PI-Scé is a 454-amino acid, intein-encoded directed mutagenesis were obtained from Sigma-Genosys or
homing endonuclease that genesate 4 bp goverhang Operon TeChnOlOgleS, Inc. Restriction and DNA-mOdlfylng
within a =31 bp DNA recognition sequencéX, 16). The enzymes were purchased from New England Biolabs, Inc.

2.4 A X-ray structure of the Pcé apoprotein indicates that ~ Cobalt metal affinity resin (TALON resin) was obtained from
CLONTECH, and SP-Sepharose was purchased from Am-

J— ~ersham Pharmacia Biotech. 4-Azidophenacyl bromide and
(BE?ng";’c’rk was supported by a grant from the Welch Foundation hisaridine were obtained from Sigma. All other chemicals
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Redox Regulation of the P3¢é Endonuclease

MutagenesisDuplex oligonucleotide cassette mutagenesis
was used to introduce the K60C mutation into vector pET
P1-Scé(—5Cys), which encodes a Meé¢ variant that
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at 37 °C with a linearized plasmid substrate (7 nM), and
aliquots were withdrawn at different times for analysis by
electrophoresis on a 0.9% agarose gelSEd-binds tightly

contains a single solvent-inaccessible cysteine residue (Cysto one of the two DNA cleavage products, and single-

75) (21). Vector pET PIScé(—6Cys), which lacks all
endogenous cysteines, was created from vector pEScB-
(—5Cys) by inserting a C75S mutation into the gene using
a PCR mutagenesis strateg24). The same protocol was
used to insert the S64C/T344C and V67C/A365C double-
cysteine mutations into pET Fed(—6Cys). All mutations
were verified by DNA sequencing.

Protein Purification. To express the P$cé derivative
proteins, the plasmid DNA was transformed into BL21(DE3)

turnover conditions exist in this experimerit5( 26). The

oxidized proteins were assayed in standard cleavage buffer

lacking a reducing agent [100 mM KCI, 25 mM Tris-HCI

(pH 8.5), and 2.5 mM MgQ], or they were treated with

DTT and assayed in the same buffer containing 5 mM DTT.
Assay of DNA Binding Actity by the EMSAGel mobility

shift assays were performed as reported previodsyysing

a radiolabeled 219 bp DNA duplex containing a single PI-

Sce recognition site. Oxidized proteins were assayed in the

cells. The proteins were overexpressed and purified by absence of a reducing agent, and reduced proteins were
Co?*—metal affinity and SP-Sepharose ion exchange as assayed with 5 mMB-mercaptoethanol present in the gel

described previously1@) except that the reducing agent was
omitted during purification and storage.

Phenyl Azide-Mediated Photo-Cross-Linkilgrivatiza-
tion of PI-Scé(—5Cys) and the K60C variant with 4-azi-
dophenacyl bromide and cross-linking of the modified
proteins to 5end-labeled DNA containing a single Bté
recognition site were performed as described previo@sly (
Modification of the proteins was effected by incubating them
with 4-azidophenacyl bromide at a 20:1 molar ratio in the
dark for 3 h atroom temperature. To remove unreacted

reagent, the proteins were dialyzed overnight against 25 mM

HEPES (pH 8.0), 100 mM KCI, 0.1 mM EDTA, and 5%
glycerol. PIScé—DNA complexes were formed by com-
bining the derivatized proteins (200 nM) with either a 158
or 187 bp DNA fragment+{0.5 nM) containing a single PI-
Scé recognition sequence that i$-&nd-labeled on the top
or bottom strand, respectively. Cross-linking was accom-
plished by UV irradiating the complexes for 2 min using a
Fotodyne transilluminator (312 nm) from a distance~df3
cm. The reaction mixtures were heated at’@for 10 min
and extracted with phenol and chloroform (4:1, v/v), and
the phenolic phase was washedhwitM Tris-HCI (pH 8.0)

and 1% SDS. The DNA was recovered by ethanol precipita-

tion, cleaved with piperidine (1 M) for 30 min at 9C, and
resolved by high-resolution gel electrophoresis on an 8 M
urea, 6% polyacrylamide denaturing gel.

Oxidation and Reduction of ProteinBurified proteins
were reduced by treating them with 5 mM dithiothreitol
(DTT) for 30 min prior to using them in DNA cleavage or
DNA binding experiments. Oxidation of reduced proteins

and in the gel electrophoresis buffer.

PI-Sceé binds specifically to its recognition sequence in
the absence of MY, but does not cleave the DNAY, 16).
The relationship between free Bté (P;), free DNA (D),
and the two stable Pscé—DNA complexes that are formed,
one of high mobility (termed the lower complex, Fpthat
contains minimally distorted DNA and one of low mobility
(termed the upper complex, PE) that contains severely
distorted DNA, can be represented as follows:

(1)

The thermodynamic parameté¢sandKj that describe these
equilibria can be expressed as follows:

K K
P + D; — PD -~ PD"°

_ [PID]
K= (PD] (2)
B [PDLC]
Ky= (PO 3)

Values for these parameters were determined as described
previously (L8) from at least four EMSA experiments by
nonlinear regression of the data using KaleidaGraph software
(Abelbeck Software).

Selection of Amino Acid Positions for the Insertion of
Disulfide Bonds The PAIRWISE algorithm47) was used
to predict the suitability of proximal amino acid positions
in PI-Scé for formation of a novel disulfide bond.

was performed by dialyzing the samples against buffer that RegyLTS

lacks a reducing agent [10 mM KRP®H 7.6), 5% glycerol,
and 50 mM KClI].

Trypsin Digestion and Analysis by SBBolyacrylamide
Gel ElectrophoresisThe purified proteins (1Q«g) were
digested with TPCK-treated trypsin (U.S. Biochemicals, Inc.)
at a 6000:1 ratio for 30 min at 37C in 100 mM Tris-HCI

Cross-Linking of a Loop in the PI-Scel Splicing Domain
to DNA. Several regions of the F3eeé apoprotein are
believed to be flexible because they adopt alternative
conformations in two different Pceé crystal structures20).
One is a loop comprised of amino acid residues-33

(pH 8.5). Digested and undigested samples were analyzed®@tweensé ands7 within the protein splicing domain, and

by SDS-PAGE on a 12.5% gel using protein sample buffer
containing or lacking 0.7 MB-mercaptoethanol2).

Assay of DNA Clezage Actiity. To assay DNA cleavage
activity, PI-Sce protein variants (100 nM) were incubated

1 Abbreviations: PCR, polymerase chain reaction; DTT, dithiothrei-
tol; TPCK, L-1-4-tosylamino-2-phenylethyl chloromethyl ketone; SDS,
sodium dodecyl! sulfate; PAGE, polyacrylamide gel electrophoresis;
EMSA, electrophoretic mobility shift assay.

alanine-scanning mutagenesis of some of these residues
indicates that they are involved in DNA binding (K. L. Posey
and F. S. Gimble, data not shown and 28j. A model of

the PIScé-DNA complex based on biochemical, mutational,
and structural data indicates that residues 66 of the 53/

71 loop extend outward from the body of the protein away
from the DNA @0), and it has been suggested that the loop
must undergo a conformational change to contact the DNA
(28). To investigate the proximity of the loop to the DNA,
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FiIGURe 2: Positions of amino acid residues in Bté¢ where
cysteine residues were introduced to yield intramolecular disulfide
bonds. The 1DFA crystal structure of Bté is shown docked to

a modeled DNA substrat(), colored in the following manner.
Green represents the Bké 53/71 loop, red the PE&ceé S-hairpin

B | loop of residues 3606386, orange the DNA, and light blue the
Y AR Y remainder of PIScé. Amino acid side chains are shown for the
T TATCTATG TCGGG TGCGGAGAAAGAGG TAATGAAATGGCAG A Ser-64/Thr-344 pair (violet) and the Val-67/Ala-365 pair (yellow).
AATAGATACAGCCICACGCCTCTTTCTCCATTACTTTACCGTCT Green arrows indicate the positions of the two phosphodiester bonds
LA | | AL [t A hydrolyzed by PISce.
-15 -10 -5 #4145 #1015 420 T 425

FiGURE 1: Affinity photo-cross-linking of DNA fragments contain- &€ consistent with the 53/71 loop being in the proximity of
ing a single PIScé recognition sequence to phenyl azide-conjugated the phosphate backbone of the substrate ned? @ the
Lys60Cys PISceé protein. (A) Phenyl azide-derivatized Lys60Cys  P|-Scé—DNA complex.

PI-Scé was incubated with fragments end-labeled \i# on either

the top or bottom strand, and cross-linked to the DNA by UV Insertion of Redox Switches into PI-Sdéthe 53/71 loop

irradiation. An arrow denotes the location of the photo-cross-linked yndergoes a conformational change to contact the DNA, we

product at G'2 The bracket defines the Meé recognition : . . . .
sequence, and the vertical line indicates the 4 bp cleavage site. Areasoned that it should be possible to inactivate the protein

G+A ladder is shown for reference. (B) The position of the cross- DY using a disulfide bond to lock the loop into a conformation
link (indicated with an empty arrow) is shown within the B¢é that does not bind DNA. The PAIRWISE algorith27j and

recognition sequence. Solid arrowheads mark the boundaries of ; ; ; ;
DNasel protection, and diamonds indicate ethylated phosphate.manuaI methods were used to identify residue pairs that are

groups that interfere with PSce binding (taken from refL5). in an appropriate geome.tricall configuration and the correct
distance apart to form a disulfide bond. Furthermore, residues

we substituted Lys-60 within the loop with a cysteine residue, were chosen that are unlikely to contact the DNA based on
derivatized this side chain with a photoactivatable phenyl mutational data and/or on their position in the model of the
azide moiety, and attempted to cross-link this group to the PI-Scé—DNA complex @0). One residue pair identified by
DNA. If the modified PIScé residue is within~9—12 A PAIRWISE with the potential to form a disulfide bond
of the DNA, UV irradiation can cross-link it to the substrate jncludes Ser-64 within the 53/71 loop and Thr-344, which
DNA, and the exact position of the cross-link is determined s at the N-terminal end of8 within the endonuclease
after DNA strand scission with piperidine and electrophoresis yomain (Figure 2). Although Thr-344 is adjacent to His-
on a denaturing gel. Figure 1 shows that a Specific Cross- 343 which s involved in DNA bindingX®), it is predicted
link occurs between the phenyl azide on Cys-60 an&G to point away from the DNA according to the model. The

ggsg;se(tjognsttrr]?angoggr;hitrgr’?'éb‘étbtﬁsno();;%:'%g”gé;_second pair includes Val-67 within the 53/71 loop and Ala-
P ' 365, which lies at the C-terminal end 21 (Figure 2). Ala-

link between Cys-60 and &2 supports data from hydroxyl . i .

radical footprinting and ethylation interference experiments 502 IS Positioned at one end of an extengelairpin loop
that show that PBce contacts this part of the substrais(  ("esidues 366386) that has been mapped to the major
26). PI-Scé(—5Cys), which encodes a Bed variant that ~ 9roove of the proteirDNA complex position adjacent to
contains a single solvent-inaccessible cysteine residue (Cysihe cleavage site [Figure 2Q)]. Substitution of Val-67 with
75), and the K60C variant also cross-link to nucleotide Methionine does not affect Beé activity (29), and the Ala-
position 3 on both strands. As stated previougg)( this 365 methyl group side chain is not expected to be involved
probably results from modification of a non-cysteine residue in DNA binding. Theo-carbons of the Ser-64/Thr-344 and
elsewhere in the PScé molecule. Taken together, our data Val-67/Ala-365 pairs are 6.81 and 6.69 A distant, respec-
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Ficure 3: Analysis of disulfide bond formation by SD®AGE 40 o® o’<><>
of trypsinized and undigested Bé variants. Purified PIScé(— oo 0o
6Cys), PIScé Cys-67/Cys-365, and Pbcé Cys-64/Cys-344 either 20~ T 1
were treated with trypsin or were not treated, and the proteolytic
fragments were resolved from intact 8t¢ by SDS-PAGE under (g S5 ! ! !
reducing or nonreducing conditions (see Materials and Methods). 0 20 40 600 20 40 60
The positions of undigested Be¢ (U) and of the two major Time (min)

proteolytic fragments corresponding to digestion at Arg-277 (N and . . L
C) are indicated by filled arrows. An asterisk indicates the position FIGURE 4: DNA cleavage activities of oxidized, reduced, and

of intact proteins that contain a disulfide bond. Molecular mass r€oxidized PIScé variant proteins. (A) Oxidized PScé(—6Cys)
standards are shown in the first lane. (@), PI-Scé Cys-67/Cys-365¢), and PIScé Cys-64/Cys-3440)

proteins (100 nM) were incubated with a linearized plasmid
tively, distances which are favorable for disulfide bond substrate (7 nM) containing a single 8té recognition sequence
formation [Gx—Ca! distance of 4.67.4 A 30)]. in the absence of reducing agent as described in Materials and

L - Methods. The extent of cleavage was quantitated after separation
DNA Cleaage Actiities of the Oxidized and Reduced PI- 4t e digestion products by gelgelectropqhoresis. The data r(leopresent
Scel VariantsWe predicted that the disulfide bonds might the averaged values of at least three experiments. (B) The same
form immediately upon cell lysis in the native proteins if experiment that is depicted in panel A except that the proteins were
the cysteines were properly oriented and proximal to each Pretreated with a reducing agent and assayed under reducing

: conditions. (C) The reducing agent was removed by dialysis from
other. The C67/C365 and C64/C344 variants and a ContrOIthe DTT-treated proteins used in the experiments depicted in panel

PI1-Scé(—6Cys) protein lacking all cysteines were purified g ‘an the proteins were re-assayed in the absence of any reducing
to homogeneity by conventional methods), To determine  agent. (D) An aliquot of the proteins assayed in the experiments
whether a disulfide bond is present in the two Jié depict_ed in pqr]el C were treated with DTT and assayed under
variants, the purified proteins were analyzed by SIPRGE reducing conditions.

under reducing or nonreducing conditions after mild trypsin - _
digestion. Trypsin cleaves Med at Arg-277 @1) and would Table 1: Relative DNA Cleavage Rates of &é Variants

yield a 22 kDa C-terminal fragment and a 31.6 kDa o oxidized N reoxidized
N-terminal fragment for the protein derivative used here. nt Ox'dt'z_ed Pt'rr?tg% reox'td'_zed F’tﬁ’g?%
Approximately equal amounts of the two trypsin fragments vanan protein  wi protein _ wi

are observed for the control protein under both reducing and E;S%i(/?:ggém 1’0 03 1b0 66 1bo ol r 051
nonreducing conditions (Figure 3). By contrast, the amounts Cys-67/Cys-365 0.01 19 001 074

of the fragments observed for the C67/C365 and C64/C344 - -
2 Relative DNA cleavage rates are the ratio of the mutant to PI-

Varian.ts are significgntly Sma.”er.if the protein i.s no.t reduced Scd(—6Cys) rates. Values represent the means from at least three
following trypsinization. This indicates that a disulfide bond  experimentsb The rates are expressed in units of moles of DNA cleaved
exists in the unreduced protein between two cysteines locatether minute per mole of enzyme and are (33.7) x 1073 for the

on either side of Arg-277. Furthermore, a band that migrates oxidized protein, (2.8= 0.1) x 107* for the oxidized protein with DTT,
slightly faster than either the full-length C67/C365 or C64/ g%egforofﬁg ol g)%sizfg& thrit;eir?f,'v?t'ﬁegﬁ_ro_tri'gv vﬁlr:jdt(sfvgiog)i;s o
Q344 .pro.teins that appears qnly under nonreducing condi-X 10-3 mol of DNA clegved min® (mol of enzyme)ly(%l). u :
tions is likely to be the oxidized form of the full-length

proteins. Quantitation of the doublet shows that0% of PI-Scé(—6Cys) cleaves-62% of the substrate during a
the C67/C365 and C64/C344 proteins are oxidized. Treat- 1 h time course (Figure 4) and cleave82% of the substrate
ment of the proteins with oxidized glutathione does not after 6 h (data not shown). The measured cleavage rate is
further decrease the amount of protein in the upper bandonly slightly lower than that of wild-type P&ce (Table 1).
(data not shown), and it is possible that this band containsIn marked contrast, the cleavage rates of the oxidized C64/
protein that cannot be oxidized. No species correspondingC344 and C67/C365 variants ar30- and>85-fold lower

to PI-Sce dimers are observed in the undigested samples, than that of PIScé(—6Cys), respectively (Figure 4 and Table
which indicates that intermolecular disulfide bonds do not 1), and only 23% and 15% of the substrate is cleaved,
form. This result is not unexpected since $dé is a respectively, by the two proteins afté h (data not shown).
monomer 16, 32). It is also noteworthy that the appearance To test whether the low activity of the double cysteine
of ~39 and~20 kDa digestion products for the C64/C344 mutants is due to disulfide bond formation, the same
variant indicates that trypsin cleaves at a residue besides Arg-experiments were performed under reducing conditions. The
277, which may be caused by conformational changes nearactivity of PI-Scé(—6Cys) is the same in the presence and
the introduced cysteine substitutions. absence of a reducing agent (Table 1); however, the cleavage
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activities of the C64/C344 and C67/C365 variants are 18- A
and 88-fold higher, respectively, than under nonreducing
conditions (Table 1). The reduced C67/C365 protein is as

active as the control, whereas the C64/C344 protein exhibits

slightly lower activity. Taken together, these results suggest

that the disulfide bonds in the C64/C344 and C67/C365

variants dramatically lower the FHeé cleavage activity.

-6 Cys C67/C365 C64/C344

-Pl-Scel

Reversibility of the Redox Switch by Reoxidatidfor a ue — Wil - i
molecular switch to be practical in a variety of applications, c
it should be readily reversible. We attempted to reoxidize UB — hb - hh hd s d-n- .

the reduced cysteine-substituted proteins by dialysis against

buffer that lacks a reducing agent. Figure 4 shows that this

treatment has no effect on the cleavage activity oS5Bd-

(—6Cys), but it dramatically decreases the activity of the B

C64/C344 and C67/C365 variants@5-fold) relative to their

reduced counterparts (Table 1). Thus, inactivation of the

activity is simple to accomplish and does not require the

manual addition of exogenous oxidizing agents. As a control,

we also show that reduction of the reoxidized proteins ;

restores their cleavage activities (Figure 4 and Table 1). uc — hh““ i -
- I

DNA Binding Actiities of the Oxidized and Reduced PI- Lc—
Scel VariantsThe loss of DNA cleavage activity of the PI- 'JJJ
Scé variants likely results from defects in DNA binding us — M s e Uuu' J
because the introduced disulfide bonds are located within
loops that are involved in contacting the DNA. In EMSA Ficure 5: DNA binding activities of oxidized and reduced PI-
experiments, wild-type PSceé forms two stable complexes, Scé variant proteins. (A) The DNA binding activities of purified

; ; S i : PI-Scé(—6Cys), PISce Cys-67/Cys-365, and P¥cé Cys-64/Cys-
a lower complex in which the protein binds the DNA without 344 proteins determined by the electrophoretic mobility shift assay.

severely distorting it and an upper complex in which the prgteins that were pretreated with DTT were incubated with a
DNA is extensively distorted 15, 16). Only the upper  radioactive 219 bp fragment containing a singleSe# recognition
complex is competent to progress to the catalytic transition sequence, and the proteiDNA complexes were resolved from
state when the essential ktgcofactor is added, suggesting unbound DNA by electrophoresis under reducing conditions. The

. : : migration positions of the unbound fragment (UB) and the lower
that the lower complex represents a prior intermediate in the (LC) and upper (UC) complexes are indicated. Protein concentra-

catalytic pathway. PBcé(—6Cys) forms both complexes tions of 1, 2.4, 6, and 15 M were used for each variant. (B) The
regardless of whether it has been treated with a reducingsame assay was performed as for panel A except that the proteins

agent (Figure 5). The level of formation of the upper complex were not treated with DTT and electrophoresis was performed under
by this protein, as reflected by theK; values, is reduced ~ nonreducing conditions.
only 3-fold relative to that of wild-type P&cé (Table 2). ) ) . - ,
Similarly, the reduced C67/C365 and C64/C344 proteins pﬁ using a redox swm_:h. A single disulfide bond eng_meered
form both complexes, and their DNA binding activities are INto the PIScé homing endonuclease at two different
approximately 2-fold reduced compared to that ofSet- locations dramatically reduces its DNA binding and cleavage
(—6Cys). Thus, the DNA binding properties of Btd(— activities. In each of the two double-cysteine mutants, one
6Cys) and of the reduced double-cysteine proteins are notor both of the introduced cysteines occur in flexible DNA
markedly different. In striking contrast, the DNA binding binding loop(s), and we hypothesize that the disulfide bond
activities of the oxidized C64/C344 and C67/C365 proteins constrains the loop(s), thereby interfering with DNA binding
are~16- and~45-fold lower, respectively, than that of PI- and cleavage. Introduction of double-strand breaks at defined
Scé(—6Cys) (Figure 5 and Table 2). The Bte¢ C64/C344 loci by homing endonucleases greatly improves DNA
variant, like wild-type PISce, predominantly forms the  recombination and repair (i.e., gene targeting) through gene
upper complex at protein concentrations where DNA binding conversion 83), and the ability to activate a pre-existing
is observed. The binding defect of this protein is due enzyme at will would facilitate gene targeting at a specific
primarily to an elevated; value, which reflects the initial deve]opmenta] stage or ina speciﬁc organ. Here, we identify
interaction between the protein and DNA. Conversely, the |ocations in PIScé where switches can be introduced to
C67/C365 protein yields mostly the lower complex species requlate its activity. Moreover, we show that the DNA
(Figure 5) which is reflected in the high& value (Table  inging and cleavage activities can be reversibly turned on
2). _Thus, the decrez_ised cleavage activities of both o_llsu_lflde and off. The ability to reverse the DNA binding activity of
variants can be attributed to Ia_lrge defects in DNA binding, PI-Sce may be advantageous because the wild-type enzyme
?huet :jvl\/f(f)e:)erg'tesi;esps of the binding pathway are affected for remains tightly bound to one of the two DNA cleavage
' products, which may interfere with the recruitment of repair
DISCUSSION factor; tc_) the newly exposed DNA' gnds. Furthermqre,
deactivation of the endonuclease activity could be rapidly
In this work, we demonstrate that the DNA cleavage accomplished because the activity does not depend on
activity of a site-specific endonuclease can be turned on andtranscriptional or translational regulation.

-6 Cys C67/C365 C64/C344

-PIl-Scel
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Table 2: Thermodynamic DNA Binding Parameters for Wild-TypeSe# and PISce Variant$

with reducing agent without reducing agent
K1 (nM) Kz KiK2 (n M) K1 (nM) Kz KiK2 (nM)
wild type 4.3+£0.2 0.16+ 0.0 0.67+0.08 ND¢ ND¢ ND¢
PI-Scé(—6Cys) 17+ 3.0 0.12+ 0.02 2.0+£0.2 16+ 3.6 0.13+0.01 2.0+ 04
Cys-64/Cys-344 48 12 0.11+ 0.02 4.1+ 04 110+ 27 0.28+0.10 30+ 5
Cys-67/Cys-365 3&-6 0.09+ 0.02 3.1+ 0.1 18+ 3 49+ 2.0 89+ 50

2Values represent meads standard deviations from four experimerit¥alues taken from ret8. ¢ Not determined.

The C67/C365 protein may be better suited to being a expression of a putative Mg transporter, the Msr2 protein,
switchable endonuclease than the C64/C344 enzyme. Thencreases the mitochondrial Mfigconcentration and restores
reduced form of the C67/C365 protein is as active as the splicing activity to mutant group Il introns that require this
control enzyme in cleaving DNA, while the reduced C64/ cofactor 89). It is uncertain, however, how one would clear
C344 enzyme is clearly less active. In addition, trypsin the Mg" from the cell to inactivate the endonuclease.
digests the C64/C344 protein more extensively than the Furthermore, the activities of any other enzyme that requires
control or the C67/C365 protein, which may indicate subtle a metal cofactor would be disrupted by methods that alter
conformational differences. the metal ion intracellular concentration. Temperature sensi-

Redox switches have evolved in naturally occurring tive mutants of thé&caRl restriction endonuclease have been
proteins to regulate cellular functions and have also beendescribed that are inactive at 42 due to defects in protein
artificially engineered into proteins. lEscherichia coli folding or stability @0). However, controlling a temperature
disulfide bond formation in the Hsp33 chaperone and the sensitive switch is impractical in vivo, and the switch is
OxyR transcription factor activates bacterial functions that irreversible in vitro because the endonucleases cannot be
protect the cell from oxidative damage. In the inactive Hsp33 easily renatured. Redox switches, unlike temperature sensi-
chaperone, a four-cysteine cluster coordinates a zinc ion,tive switches, can be turned on or off in the existing protein
which is released under conditions of oxidative stress when population without requiring protein translation, allowing
disulfide bonds form between the cysteine€)( This faster regulation of the activity. Moreover, as shown here,
activates the chaperone to act as a “holdase” that preventdhe redox switch is easily reversible in vitro. Currently,
the irreversible aggregation of oxidatively damaged proteins. however, it is not possible to regulate an introduced redox
The OxyR transcription factor promotes gene expression of switch in vivo without also controlling the redox state of a
proteins involved in the repair and prevention of oxidative targeted cell, which has not been demonstrated. The cytosol
damage 35). Formation of a disulfide bridge between of the cell is maintained as a reducing environment to prevent
residues Cys-199 and Cys-208 as a consequence of oxidatiothe deleterious effects of reactive oxygen species, and the
activates OxyR to bind to target promoters, interact with PI-Scé redox switch proteins would likely exist only in the
RNA polymerase, and enhance transcription of targeted genesactive state in vivo. Thus, although the current versions of
(36). In contrast to the PScé mutants described here, OxyR  the PISce redox switch proteins have limited value in vivo,
binds DNA only under oxidizing conditions. they identify residues in the protein where alternative

Engineering disulfide bonds to regulate the DNA binding switches can be engineered in the future. These next-
properties of sequence-specific transcriptional repressors hageneration switches, which may be photoactivatable and/or
been reported previously, but this work is the first to use employ unnatural amino acids or ligands, would allow
redox switches to regulate a DNA endonuclease. Via regulation of the endonuclease activity without affecting cell
introduction of disulfide bonds into specific regions of the viability.

Tet repressor, for example, it was possible to limit the  We also show in this report that it is possible to switch
conformational changes that occur during induction of the the PIScé—DNA complex between two stable conforma-
protein by tetracycline binding and to trap the mutually tions observed in EMSA experiments. For wild-typeJri,
exclusive tetracycline-bound and operator-bound conforma- more than 80% of the complexed protein and DNA is present
tional states of the proteir8¢). Similarly, the introduction in the upper complex, but specific mutations in the DNA
of a disulfide bond into the hinge region of the Lac repressor substrate or in the Psceé endonuclease domain markedly
disrupts the allosteric linkage between operator DNA and increase the proportion of the lower compleds,(18). In
inducer binding, and results in a variant protein that binds particular, PIScé proteins with His377Ala and Lys378Cys
DNA constitutively @8). In these cases, the engineered mutations in thgs-hairpin loop of residues 366386 generate
disulfide bond indirectly regulates DNA binding by disrupt- the lower complex predominantly in EMSA experiments and
ing a naturally occurring allosteric switch, whereas in PI- are defective in DNA cleavagel§, 21). Interestingly, the
Scd, the redox switch directly controls DNA binding. oxidized form of the PIScé Cys-67/Cys-365 protein behaves

Other types of switches for regulating endonucleases havelike these mutants and forms more lower complex (83% of
been developed or are possible, but each has its disadvantotal), but the reduced protein behaves like wild-type PI-
tages. Endonuclease activity can be regulated by altering theScé and forms more upper complex (91% of the total). We
concentration of the metal ion cofactor. For reactions in vitro, conclude that constraining thfehairpin loop with the Cys-
the advantage of this method is that it is a very tight form 67/Cys-365 disulfide bond eliminates its contacts to the major
of regulation, since the metal ion is essential for activity for groove near the cleavage site that contribute to the formation
Pl-Scé. Modulation of the M@" concentration in vivo has  of the upper complex. The ability to switch Bké between
been shown to regulate enzymatic activity. In yeast, over- the two conformations may be useful in time-resolved
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structural studies in analyzing the dynamics and mechanism 17.
of the transition. In contrast to what is observed for the Cys-

67/Cys-365 variant, the ratio of upper to lower complex of

the

control protein. From these results, we conclude that

PISce Cys-64/Cys-344 mutant is similar to that of the

constraining the 53/71 loop does not greatly affect the

partitioning of the complexes, but it markedly decreases the

overall level of DNA binding. This finding confirms the
critical role of the 53/71 loop in DNA binding and is

consistent with the idea that the 53/71 loop undergoes a

conformational change to contact the DNA.
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