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DNA Topoisomerase and Recombinase Activities
in Nae | Restriction Endonuclease

Kiwon Jo and Michael D. Topal*

Nae | endonuclease must bind to two DNA sequences for cleavage. Examination of the
amino acid sequence of Nae | uncovered similarity to the active site of human DNA ligase
I, except for leucine 43 in Nae | instead of the lysine essential for ligase activity. Changing
leucine 43 to lysine 43 (L43K) changed Nae | activity: Nae |-L43K relaxed supercoiled DNA
to yield DNA topoisomers and recombined DNA to give dimeric molecules. Interruption
of the reactions of Nae | and Nae |-L43K with DNA demonstrated transient protein-DNA
covalent complexes. These findings imply coupled endonuclease and ligase domains and
link Nae | endonuclease to the topoisomerase and recombinase protein families.

Topoisomerases, recombinases, and endo-
nucleases share the ability to cleave DNA
but do not have sequence homology. To-
poisomerases catalyze DNA relaxation by
cleavage, strand passage, and reunion; re-
combinases catalyze DNA rearrangements
by concerted cleavage and exchange of
DNA ends; and endonucleases catalyze
cleavage of single- and double-stranded
DNA. These enzymes are ubiquitous and
essential for replication, transcription, re-
combination, and repair of DNA (I). Al-
though there has been speculation on their
evolution, no relation among these enzymes
has been found. Endonucleases include as a
special class the restriction enzymes, which
in bacteria protect against foreign DNA.
The restriction enzymes, along with the
site-specific recombinases, offer examples of
sequence-specific DNA cleavage. Topo-
isomerases generally demonstrate sequence
preferences but are not sequence-specific.
The placing of restriction enzymes in a
separate category from the topoisomerases
and recombinases has been called into ques-
tion by recent discoveries with the type Ile
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restriction enzymes. It is now clear that the
type Ile enzymes require the recognition of
a second DNA (effector) sequence to
cleave DNA; moreover, there is homology
between the type lle enzyme Eco RII and
the integrase family of proteins (2). These
findings indicate complexities in the type
Ile enzymes beyond that needed for restric-
tion. The type Ile enzymes include Nae |
(3), Nar I, Bsp MI, Hpa II, Sac II (4), Eco
RII (5), Atu BI, Cfr 91, Sau BMKI, Eco 571,
and Ksp 6321 (6), which represent a wide
variety of bacterial species.

Nae I is a prototypical type Ile enzyme, a
70-kD dimeric protein (7) with two DNA
binding sites, as indicated by its sigmoidal
dependence of cleavage velocity on the
concentration of recognition sequence (8).
The two DNA binding sites of Nae I are
nonidentical: one site prefers to bind to
GCCGGC with AT-rich flanking sequenc-
es, whereas the other prefers to bind to
GCCGGC with GC-rich flanking sequenc-
es (8). Whether the binding differences
preexist or are induced upon occupation of
one DNA binding site is unclear. Because
Nae [ must bind two DNA recognition
sequences, a DNA substrate with a single
Nae I recognition sequence can resist cleav-
age (3). This resistance can be overcome by
the introduction of another DNA recogni-
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tion sequence, either on the same molecule
(in cis) or in trans by addition of exogenous
DNA fragments with affinity for the second
DNA binding site on the enzyme (3, 7, 8).

Nae I also induces loops in DNA, with
the enzyme binding at the base of the loops
(9). The ability of Nae I to juxtapose and
cleave distant Nae I recognition sequences
in DNA is reminiscent of the recombinases,
transposases, and type I topoisomerases. In
fact, restriction enzymes appear to function
at some level in vivo to produce DNA with
recombinogenic ends (10, 11). The intro-
duction of restriction enzymes into yeast
(12) and mammalian cells (13) induces
DNA rearrangements. These rearrange-
ments presumably arise through random li-
gation of DNA fragments made recombino-
genic by restriction endonuclease cleavage
(11). Thus, the presence of endonuclease
and ligase activities that function together
in the same polypeptide might together
make a form of recombinase.

In a computer search with a basic local
alignment search tool (14) (BLAST net-
work service at the National Center for
Biotechnology Information), no similarities
were detected between the Nae I amino
acid sequence and sequences of the recom-
binase, transposase, and topoisomerase fam-
ilies. Comparison of the amino acid se-
quence of Nae I with that of the DNA
ligases, another ubiquitous family of pro-
teins used to seal DNA breaks (1), disclosed
a 10-amino acid region [near the NH,-
terminus of the putative Nae | active site
(15)] that matched the consensus for the
active site of DNA ligase I (Fig. 1). The
better matches of Nae I are with the active
sites of the eukaryotic rather than the pro-
karyotic DNA ligases; the best match is
with that of human DNA ligase I. The Nae
I sequence differs, however, from the hu-
man ligase active site in one important

Nae | 39 TLDQLYDGOQR 48
Human 564 TCEYKYDGQR 573
S. pombe 412 TCEYKYDGER 421
S.cerevisiate 416 TSEYKYDGER 425
Vaccinia 227 FAEVKYDGER 236
T7 3 IAEIKYDGVR 39
T3 30 IADCKYDGVR - 39
T4 156 FAQLKADGAR 165
E. coli 11 CCELKLDGLA 120
T.thermophilus 114 TVEHKVDGLS 123

Fig. 1. Comparison of an NH,-terminal region of
Nae | with the active-site regions for enzyme-ad-
enylate formation in DNA ligases. The sequences
are taken from a review (77). The reactive lysine
residue is shown in bold. Abbreviations for the
amino acid residues are: A, Ala; C, Cys; D, Asp; E,
Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M,
Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr;
V, Val, W, Trp; and Y, Tyr.
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respect: the lysine (K) that forms the ad-
enylated intermediate essential for catalysis
by the DNA ligase active site is not present
in Nae I. Instead, there is a leucine (L43) at
this position.

Site-directed mutagenesis of L43 to K43
radically altered Nae [ activity. Incubation
of pBR322 DNA, which contains four Nae
I recognition sites, with reaction-limiting
amounts of wild-type Nae I resulted in a
partial digest (Fig. 2A, lanes 1 and 2). In-
cubation of pBR322 DNA with Nae
1-L43K resulted in relaxation of the super-
coiled DNA in a stepwise manner to yield
covalently closed DNA topoisomers (Fig.
2A, lane 4). The bimodal distribution of
superhelical and relaxed DNA molecules
implies a predominantly processive mode of
action under these reaction conditions
(16), meaning several enzyme cycles before
dissociation. The relaxation by Nae I-L43K
was identical to that caused by commercial
topoisomerase (Fig. 2A, lane 3). After the
reaction had gone to completion, half of the
supercoiled DNA substrate had been con-
verted by Nae I-L43K to relaxed covalently
closed DNA,; the other half was nicked (Fig.

Fig. 2. Effect of the L43K A

mutation on the activity Nae | S
of Nae |. (A) The prod- Topo.ll - - %
ucts of incubating wild- ~ Nae |-L43K

type Nae and Nae Relaxeded
-L43K with pBR322

DNA. Lane 1, pBR322 Supercoiledim

DNA only; lane 2,

pBR322 DNA incubated
with wild-type Nae [; lane
3, incubated with com-
mercial Drosophila to-
poisomerase Il (Topo. Il)
(U.S. Biochemical); lane
4, incubated with puri-

fied Nae |-L43K. Prod- i 2 3

ucts were resolved by

electrophoresis through 1% agarose gels and staining with
ethidium bromide. Reactions used 1 ng of purified Nae | with 0.1
pg of pBR322 DNA, 30 ng of purified Nae I-L43K with 1 g of
pBR322 DNA, and 1 pg (total protein) of the respective cell ex-
tracts (not shown) and 1 g of pBR322 DNA in 15 ul of reaction

2B, lane 3). Thus, this single amino acid
change gave Nae I classic topoisomerase
activity, which requires DNA cleavage,
strand passage, and religation.

The apparent activities of the endonu-
clease and ligase domains of Nae [-L43K
were observed by the effect of Nae I-L43K
on covalently closed circular DNA that was
completely relaxed. Use of completely re-
laxed DNA eliminates topoisomers as pos-
sible substrates. We prepared such DNA by
cleaving and religating pBR322 DNA at
the unique Hind III site. Nae [-L43K
cleaved this DNA substrate to convert the
closed-circle to full-length linear products
and used both the cleavage and ligation
functions to produce species with a greater
molecular weight (Fig. 2C). The products
from this reaction, and from reactions in
which Nae I-L43K was allowed to com-
pletely relax supercoiled pBR322 DNA,
were found by electron microscopy to con-
tain double-length circular and linear mol-
ecules as well as the expected unit-length
circles and cleaved products in proportions
consistent with the proportions of the ma-
jor species resolved by gel electrophoresis

Substrate DNA
Freeze-thaw

Size markers
Nae |-L43K

Nicked

Supercoiled
Relaxed

1

C

Nae | -+ o+ - -
Nae I-L43K - - = 4+ 4
Recombined i
products B

Relaxed
circles

Cleaved
products .
12 3 45

buffer [10 mM tris-Cl (pH 8.0), 20 mM NaCl, 10 mM MgCl,, bovine

serum albumin (0.1 mg/ml), and 5.0 mM B-mercaptoethanol] for

50 min at 37°C. (B) Complete relaxation of pBR322 DNA by Nae - 43K produces closed circular DNA. The
reaction in (A) was taken to completion and the products analyzed on a 1% agarose gel containing ethidium
bromide (0.5 wg/ml). Lane 1, size (bp) markers (Bst Ell digest of A DNA); lane 2, pBR322 DNA without
enzyme; lane 3, pBR322 DNA completely relaxed with Nae -L43K; lane 4, pBR322 DNA completely
relaxed with calf thymus topo. | (BRL); lane 5, pBR322 nicked by repeated cycles of freezing and thawing.
The differences between the mobilities of the closed circular products of Nae I-L43K and topo. | is probably
caused by a different extent of relaxation. The relative amounts of nicked and relaxed DNA were determined
by densitometry arter corrections for the amount of nicked DNA in the substrate and for differences in
ethidium bromide staining. Amounts of relaxed DNA were 50 and 75% for Nae 43K and topo. |,
respectively. (C) Effect of wild-type Nae | and Nae I-L43K on relaxed, covalently closed circular pBR322
DNA. Products were resolved by electrophoresis through 1% agarose gels and detected with the use of a
Molecular Dynamics phosphorimager. Plasmid pBR322 DNA was cleaved with Hind lll, radiolabeled, and
religated, and the closed circular form was gel-purified. This DNA (approximately 0.2 n.g) (lane 1) was used
as substrate for purified wild-type Nae | (5 ng) (lane 2, products after treatment with proteinase K; lane 3, no
proteinase K) and purified Nae I-L43K (500 ng) (lane 4, products plus proteinase K; lane 5, no proteinase K)
in 15 wl of reaction buffer. Reactions containing wild-type Nae | were incubated for 10 min at 37°C; reactions
containing Nae H_43K were incubated for 1 hour at 37°C.
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(Fig. 3). These results demonstrate that Nae
[-143K can recombine DNA as well as
relax supercoiled DNA to give topoisomers.

Cell extracts without the overexpressed
Nae [-L43K mutant or that overexpress
Nae I-E70K (where E is Glu), a variant that
binds to but cannot cleave DNA (15),
lacked the topoisomerase activity. Thus,
the enriched topoisomerase activity is spe-
cific to the L43K variant. The Nae [-L43K
activity was purified to apparent homoge-
neity. All ligases require adenosine triphos-
phate (ATP) or nicotinamide adenine
dinucleotide (NAD) for activity (17). Puri-
fied Nae I-L43K, however, processively re-
duced the linking number of pBR322 DNA
(Fig. 2A) and produced higher molecular
weight products (Fig. 2C) without an out-
side energy source; ATP, guanosine triphos-
phate, and NAD had no measurable effect
on Nae [-L43K activity. Moreover, under
conditions that produced this intermediate
when we used both bacteriophage T4 DNA
ligase with labeled ATP and Escherichia coli
DNA ligase with labeled NAD, we did not
detect an adenylated intermediate when we
used Nae [-L43K with either radiolabeled
ATP or NAD. Thus, the ligase motif in Nae
I does not act as a classic ATP or NAD
ligase.

This independence from an outside en-
ergy source implied that either Nae
[-L43K alone or both Nae I-L43K and
wild-type Nae I (which performs only the
cleavage step) form activated covalent
protein-DNA intermediates. An activated
intermediate was implicated by the DNA
relaxation activity of Nae I-L43K because
energy is required for ligation, but the
cleavage and ligation steps in DNA relax-
ation are interrupted by a DNA strand-

Fig. 3. Electron microscope visualization of a
pBR322 dimer formed by the action of Nae
-L43K. Monomer pBR322 DNA circles (smaller
circle) were incubated with Nae | as described in
the text. Reaction products were treated with SDS
to remove protein and purified by gel permeation
chromatography. DNA samples were prepared
for electron microscopy with the use of the dena-
tured protein monolayer method (22). Molecular
lengths were determined by measurements taken
directly from micrographs.The circle crossing at
its center is a dimer. Bar equals 0.5 pm.

passage step. Such covalent intermediates
are common energy sources for strand
breakage and reunion among the topo-
isomerases (18) and recombinases (19).
To observe this intermediate for Nae I and
Nae [-L43K, we used heat to interrupt the
reaction with radiolabeled DNA substrate.
Extensive nuclease treatment of the reac-
tion mixture transferred the radioactive
label from the DNA substrate to protein:
the nuclease-treated, radiolabeled Nae
[-DNA complex survived boiling in SDS
and gave a denatured protein band by
SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) with an apparent molecular
weight consistent with that of Nae I (Fig.
4). Nae I-L43K produced a similar result,
but far less labeled protein was produced.
The more transient nature of the interme-
diate in the L43K mutant compared to
that in wild-type Nae I is consistent with
a concerted displacement of the protein
during religation.

The mechanism of displacement of the
activated Nae [-DNA intermediate ap-
pears to be analogous to that found in
DNA ligases. The covalent intermediate
formed between wild-type Nae I and
pBR322 DNA indicates that the activated
intermediate is formed during the cleavage
step, independent of the L43K mutation.
Thus, the unadenylated ligase motif of
Nae [-L43K may use the activated DNA-

Fig. 4. Covalent com- Nael - +
plex formation between Dl\:‘g o
Naeland pBR322DNA. ;| ‘
Purified Nae | (0.47 pM) |
was incubated with 300 111

ng of pBR322 DNA,

74

which had been uniform- |
ly labeled by nick transla- i |
tion, in 15 pl of reaction Gjl 8 -nae
buffer as described in |

Nuclease-
Fig. 2. The reaction was I. L } d;‘;;i?
stopped after 30 minat  “° "~ pna

37°C by heating to 70°C

for 10 min. The reaction products were digested
with exonuclease Il and deoxyribonuclease |
ovemnight, then SDS was added to the digest to
2% (w/v) and B-mercaptoethanol to 5% (v/v), and
the mixture was boiled for 3 min. The reaction
products were then resolved by SDS-PAGE (10%
acrylamide gel-4% spacer gel and 0.4% SDS)
and visualized by autoradiography. Lane 1, no
Nae | control; lane 2, result of incubating Nae | with
labeled substrate as described. In addition, Nae |
protein was denatured by boiling in SDS, electro-
phoresed, and located by Coomassie blue stain-
ing; its mobility in the gel is indicated. Prestained
molecular weight markers (carbonic anhydrase,
ovalbumin, bovine serum albumin, phosphorylase
B, and myosin heavy chain) were also run, and
apparent molecular weights, as reported by the
manufacturer (BRL, Gaithersburg, Maryland), are
shown. Similar results to those in lane 2 were
obtained with the use of Nae I-HL43K in place of
Nae |, but smaller amounts of labeled protein were
obtained.
SCIENCE »
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protein intermediate formed during the
cleavage step for resealing DNA breaks,
analogous to the use by unadenylated
DNA ligase of an activated DNA-aden-
osine monophosphate intermediate for
sealing DNA breaks (1).

Nae I is highly specific for its recogni-
tion sequence: it binds and cleaves 10!!-
fold more efficiently at its cognate se-
quence than at noncognate recognition
sequences (20). To test for sequence dis-
crimination, we used different DNAs as
substrates for Nae [-L43K. Plasmid
pUCI18 lacks a Nae I recognition se-
quence; M13 double-stranded DNA has
one such sequence that is resistant to
cleavage by Nae | because of its poor
affinity for the Nae [ effector-binding site
(3, 8). Neither of these DNAs was a sub-
strate for Nae I-L43K. Plasmid pBR322
has four Nae I recognition sequences and
is a good substrate for wild-type Nae I; this
plasmid was also a good substrate for Nae
I-L43K (Fig. 5). These results imply that
the topoisomerase activity of Nae [-L43K
is sequence-dependent and demonstrate
the relation of Nae I-L43K topoisomerase
activity to Nae I protein.

The lack of homology between Nae
[-L43K and either the topoisomerases or
recombinases indicates that Nae 1-L43K is
a new protein structure for studies of topo-
isomerase and recombinase mechanisms.
The discovery of topoisomerase and recom-
binase activities in Nae I and a covalent
Nae [-DNA intermediate provides direct
evidence for an evolutionary link between
the type Ile restriction enzymes and the
recombinase protein families. In addition,
recombinases are proving to be useful re-
agents for the directed modification of

Nae I-L43K - + - - + Ag

Dros. topo. Il O
pBR322DNA + + + - =- - - 4
M13RFDNA - - - + + + - - -
DUCTB DNA = = = = 4+ 4+ +

Fig. 5. Reaction of Nae -L43K with pBR322 (four
Nae | recognition sequences), M13 double-
stranded DNA (one recognition sequence), and
pUC (no recognition sequences). Purified Nae
-L43K (30 ng) (shown) and cell extract (1 pg of
total protein) (not shown) were incubated with
pBR322 DNA (1.0 pg) (lanes 1 to 3); M13mp18
DNA (0.5 p.g) (lanes 4 to 6); and pUC DNA (0.75
pg) (lanes 7 to 9) under reaction conditions indi-
cated in Fig. 2. Products from all reactions were
resolved by gel electrophoresis (1% agarose) and
visualized by staining with ethidium bromide.
Dros. topo. I, Drosophila topoisomerase |I.
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higher eukaryotic organisms (21). Nae
[-L43K opens the possibility of engineering
proteins that use similar combinations of
sequence-specific endonuclease and ligase
domains as valuable in vivo reagents for
genomic manipulation at sequence-specific
targets.
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Pathogenicity of Live, Attenuated SIV After
Mucosal Infection of Neonatal Macaques

Timothy W. Baba, Yong Seok Jeong, Dominique Penninck,
Rod Bronson, Michael F. Greene, Ruth M. Ruprecht*

Adult macaques do not develop disease after infection with a nef deletion mutant of the
simian immunodeficiency virus (SIV ) and are protected against challenge with pathogenic
virus. This finding led to the proposal to use nef-deleted viruses as live, attenuated
vaccines to prevent human acquired immunodeficiency syndrome (AIDS). In contrast,
neonatal macaques developed persistently high levels of viremia after oral exposure to
an S|V nef, vpr, and negative regulatory element (NRE) deletion mutant. Severe hemolytic
anemia, thrombocytopenia, and CD4* T cell depletion were observed, indicating that
neither nef nor vpr determine pathogenicity in neonates. Because such constructs have
retained their pathogenic potential, they should not be used as candidate live, attenuated

virus vaccines against human AIDS.

SIV infection of rhesus monkeys is consid-
ered to be the best model for human immu-
nodeficiency virus—type 1 (HIV-1) infec-
tion of humans (1). The viral genomes of
HIV-1 and SIV are closely related, and both

viruses infect similar target cells. Moreover,
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SIV disease in rhesus macaques is compara-
ble to human AIDS; SIV infection of adult
macaques results in high levels of virus rep-
lication, CD4™" T cell depletion, and immu-
nosuppression (2). In contrast, a molecular
construct of SIV with a deletion in the
auxiliary nef gene replicated poorly in adult
macaques after intravenous injection (3).
Although these animals were persistently
infected with low amounts of virus, they
maintained normal CD4* T cell counts.
During a follow-up of more than 3 years, no
signs of immunodeficiency developed.
When challenged with pathogenic SIV,
these animals were protected from disease
(4). On the basis of these data, nef-deleted
mutants have been proposed as live, atten-
uated virus vaccines to protect humans
against HIV-1 (4, 5). Vaccine studies with
nef-deleted HIV-1 viral constructs are on-
going in chimpanzees (6).
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The data generated from adult macaques
infected with the nef-deleted SIV also led to
the hypothesis that nef is a major determi-
nant of pathogenicity in vivo for immuno-
suppressive lentiviruses (3). The nef gene
product, a myristylated phosphoprotein of 34
kD apparent molecular size, down-regulates
CD4 surface antigen expression but is not
required for virus replication in vitro in T
cell lines (7). Other Nef functions are more
controversial; various effects on transcrip-
tion from the HIV-1 long terminal repeat
(LTR) have been described (8). According
to more recent reports (9), Nef facilitates
virus replication in unstimulated peripheral
blood mononuclear cells (PBMCs).

Studying the pathogenicity and preven-
tion of perinatal retrovirus transmission is
important, given the increasing numbers of
HIV-1-infected children (10). It appears
that some newborns become infected after
mucosal exposure to infectious maternal
blood or secretions (11). We have developed
a primate model of neonatal mucosal infec-
tion (12). Rhesus monkey (Macaca mulatta)
neonates were exposed orally to cell-free SIV
immediately after delivery. All exposed ne-
onates became infected; high amounts of
virus were seen in all animals, and one-half
died of AIDS within 6 months.

As a potential live, attenuated vaccine
virus, we evaluated a mutant of SIV deleted
in nef, vpr, and NRE, termed SIVA3 (13).
Like nef, vpr is an accessory gene that is
believed to increase virus replication in cul-
tured T cells and monocytes and macro-
phages (14). Vpr is virion-associated and
has been implicated in achieving high
amounts of virus replication and disease
development in vivo (15). NRE, a negative
regulatory element located in the LTR (16),
had been removed to ensure adequate viral
replication. The resulting triply deleted SIV
mutant replicates well in cultured cells, in-
cluding macaque PBMCs. In adult ma-
caques injected intravenously with an
amount of virus containing 5 ng of p27
[corresponding to 2000 50% tissue culture
infectious doses (TCIDs,)], virus could be
isolated only transiently, but the animals
remained seropositive and polymerase
chain reaction (PCR)-positive. When
challenged intravenously with 10 animal
infectious doses of pathogenic SIV__ s,
protection was seen (13).

Three rhesus monkey neonates were giv-
en cell-free SIVA3 orally within 1 hour
after cesarean section delivery (17). The
oral SIVA3 dose given was 1.6 wg of p27,
corresponding to 5.3 X 10° TCIDs,. This
dose was ~300 times the dose given intra-
venously to adult macaques as vaccine pre-
viously (13); it was chosen because mucosal
infection in general requires a higher virus
inoculum, as compared with intravenous
inoculation (18). The selection of the dose





