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Mycobacterium tuberculosis has evolved a number of strategies to
survive within the hostile environment of host phagocytes. Reac-
tive nitrogen and oxygen intermediates (RNI and ROI) are among
the most effective antimycobacterial molecules generated by the
host during infection. Lsr2 is a M. tuberculosis protein with histone-
like features, including the ability to regulate a variety of tran-
scriptional responses in mycobacteria. Here we demonstrate that
Lsr2 protects mycobacteria against ROl in vitro and during macro-
phage infection. Furthermore, using macrophages derived from
NOS—/~ and Phox~/~ mice, we demonstrate that Lsr2 is important
in protecting against ROI but not RNI. The protection provided by
Lsr2 protein is not the result of its ability to either bind iron or
scavenge hydroxyl radicals. Instead, electron microscopy and DNA-
binding studies suggest that Lsr2 shields DNA from reactive inter-
mediates by binding bacterial DNA and physically protecting it.
Thus, Lsr2 appears to be a unique protein with both histone-like
properties and protective features that may be central to M.
tuberculosis pathogenesis. In addition, evidence indicates that Isr2
is an essential gene in M. tuberculosis. Because of its essentiality,
Lsr2 may represent an excellent candidate as a drug target.

Mycobacterium tuberculosis | ROl | DPS | DNA

M ycobacterium tuberculosis is a facultative intracellular bac-
terium that has evolved sophisticated mechanisms to
survive and replicate inside host mononuclear phagocytes (1).
Phagocytes exert much of their antimycobacterial activity by
generating reactive nitrogen and oxygen intermediates (RNI and
RO, respectively), which kill bacteria by damaging macromol-
ecules such as bacterial DNA. Nitric oxide synthase-2 (NOS2)
knockout mice, which cannot generate RNI, and phagocyte
oxidase (PHOX) knockout mice, which cannot generate ROI,
exhibit increased sensitivity to M. tuberculosis infection (2, 3, 4).
Conversely, M. tuberculosis strains deficient in catalase-
peroxidase (KatG), or other antioxidative mechanisms, are less
virulent in mouse models (5, 6). Moreover, the observation that
children with defective oxidative burst mechanisms because of
chronic granulomatous disease develop numerous complications
from bacillus Calmette—Guérin vaccination and have a high
incidence of tuberculosis, highlights the importance of ROI in
protection against M. tuberculosis in humans (7).

Dps (DNA-binding protein from starved cells) is an important
bacterial virulence factor that protects DNA from ROI and
other toxic molecules. Dps appears to protect DNA through the
dual mechanisms of iron sequestration, which prevents Fenton-
mediated ROI generation and DNA binding, which compacts
DNA and creates a protective physical barrier (8, 9). Dps has
been identified in a diverse group of bacteria, including Myco-
bacterium smegmatis (10); however, structural homologs have
not been detected in the M. tuberculosis genome. This is relatively
surprising given the importance of ROI in antituberculosis
immunity. It is reasonable to hypothesize that M. tuberculosis
expresses proteins with Dps-like characteristics and functions

4414-4418 | PNAS | March 17,2009 | vol. 106 | no. 11

despite the lack of an identifiable homolog. In fact, the M.
tuberculosis histone-like protein, Lsr2, shares a number of phys-
ical properties with Dps, including small size, high isoelectric
point, and an ability to bind DNA with little specificity (11).
These observations suggested that Lsr2 might have a functional
role in M. tuberculosis that is similar to the role of Dps in other
bacteria.

Results

Protecting DNA Against Hydroxyl Radical Damage. As a first step in
determining whether Lsr2 had a Dps-like functionality, we
studied the ability of M. tuberculosis Lsr2 to protect DNA against
damage by hydroxyl radicals. A linear 700-bp fragment of DNA
was incubated in vitro with H,O, and Fe(II) in the presence or
absence of recombinant M. tuberculosis Lsr2 or a BSA (BSA)
control protein. The DNA was completely destroyed by Fe(II)/
H,O, treatment (Fig. 14). Notably, DNA was substantially
protected from degradation by pretreatment with Lsr2 (Fig. 14,
lane 3). In contrast, pretreatment with an equivalent concen-
tration of BSA suspended in the imidazole buffer did not result
in any protection (Fig. 14, lane 5).

Lsr2 could protect DNA through a direct Lsr2-DNA inter-
action, perhaps by acting as a physical barrier against ROL
Alternatively, unbound Lst2 could protect DNA by trapping free
radicals or sequestering Fe(II) (which would prevent the gen-
eration of OH radicals) in solution. We have observed that Lsr2
cannot bind to DNA in high salt concentrations. To determine
whether Lsr2 must bind to DNA to protect against H>O,, we
incubated plasmid DNA with Lsr2 in low or high salt (0.8 M
NaCl) buffer and repeated the test for H,O»-mediated degra-
dation (Fig. 1B). Plasmid DNA was used as the target in this
experiment because circular DNA binds sufficient Lsr2 (in
imidazole/low salt buffer) to produce an observable gel shift, and
this gel shift can be used to verify DNA binding. Incubating the
plasmid DNA with Lsr2 in 400 mM imidazole buffer produced
the expected shift (Fig. 1B, lane 2), confirming that Lsr2 binds
to DNA under these conditions. As expected, the plasmid was
protected against Fell/H,O,-induced damage in the presence of
bound Lsr2, although the formation of nicked and relaxed
circular DNA was observed (Fig. 1B, lane 5). The experiment
was then repeated using Lsr2 that had been dialyzed against 50
mM PBS (pH 7.4), 0.8 M NaCl. This formulation of Lsr2 did not
produce a gel shift upon incubation with the plasmid DNA,
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Fig. 1. DNA protection studies. (A) Linear DNA (=0.2 pM) was used alone or after incubation with either 2 uM of purified Lsr2 or BSA. Both proteins were
suspended in identical imidazole buffers. Samples were treated for 5 min with either FeSO4 (20 mM) plus H>O5 (5 mM) or left untreated as indicated. The samples
were analyzed on an ethidium bromide stained 1% agarose gel. Lane 1, linear DNA; lane 2, linear DNA + Lsr2; lane 3, linear DNA + Lsr2 + FeSO4/H,0; lane 4,
linear DNA + BSA,; lane 5, linear DNA + BSA + FeSO4/H;0;. (B) Supercoiled ¢$hX174 plasmid (=0.1 uM) was used alone or incubated with Lsr2 in imidazole buffer.
The Lsr2 was used without or with prior extensive dialysis in buffer containing 800 mM NaCl. Samples were treated for 5 min with either FeSO4 (20 mM) plus
H,0; (5 mM) or left untreated as indicated and then analyzed on an ethidium bromide stained 1% agarose gel. Lane 1, $hX174 plasmid; lane 2, $hX174 plasmid + Lsr2; lane
3, $hX174 plasmid in buffer containing 800 mM NaCl; lane 4, $hX174 plasmid in buffer containing 800 mM NaCl + dialyzed Lsr2; lane 5, $hX174 plasmid + Lsr2 + FeSO4/H,0,;
lane 6, phX174 plasmid in buffer containing 800 mM NaCl + dialyzed Lsr2 + FeSO4/H,05; lane 7, $hX174 plasmid + FeSO4/H,0; lane 8, $hX174 plasmid in buffer containing

800 mM NadCl + FeSos/H,0,.

confirming that Lsr2 does not bind DNA in high salt buffer (Fig.
1B, lane 4). Notably, plasmid DNA preincubated with Lsr2 was
not protected against degradation upon Fell/H,O, treatment
under these high-salt conditions (Fig. 1B, lane 6). DNA controls
incubated in 400 mM imidazole (Fig. 1B, lane 7) or 0.8 M NaCl
buffers without Lsr2 (Fig. 1B, lane 8) were also not protected
from Fell/H,O, damage. These results indicate that the presence
of Lsr2 in solution is not sufficient to protect DNA from ROI.
Rather, Lsr2 must be bound to DNA to provide protection.

We studied whether Lsr2 might protect DNA by trapping free
radicals or by scavenging iron. In spin-trapping experiments, we
noted a lower signal intensity in the presence of BSA than in the
presence of Lsr2, indicating more radical scavenging by BSA under
these conditions (Fig. S1). These results suggest that Lsr2 does not
efficiently remove hydroxyl radicals. Most proteins of the Dps
family have been shown to specifically bind iron (12, 13, 14). Iron
sequestration interferes with the Fenton reaction, reduces ROI
generation, and thereby reduces potential DNA damage. We
performed fluorescence titration experiments using Lsr2 and either
Fe?*or Fe3*. Fluorescence was measure using an excitation wave-
length of 284 nm and an emission detection wavelength of 330 nm.
The changes in fluorescence were small and linear over the range
of Fe concentrations used (data not shown), providing no evidence
for specific iron binding by Lsr2. Together, these results suggest that
Lsr2 derives its principal protective effects by acting as a physical
barrier to DNA degradation.

Electron Microscopy of Lsr2 Bound to DNA. Examination of purified
preparations of Lsr2 allowed for a better understanding of how
Lsr2 interacts with DNA. The protein sample embedded in
uranyl acetate (negative stain) revealed regular fibrils of ~90 A
diameter (Fig. 24). The protocol for purifying overexpressed
recombinant Lsr2 involves DNase treatment of the lysed Esch-
erichia coli cells. However, absorbance at 260 nm and 280 nm
along with bands on both SDS/PAGE gels and agarose DNA gels
showed that Lsr2 was copurified with E. coli genomic DNA. The
fibrillar morphology seen in Fig. 24 shows E. coli genomic DNA
decorated by Lsr2, which appears to protect DNA from the
DNase treatment. The decoration and protection of DNA by
Lsr2 is consistent with previous reports using atomic force
microscopy (15). Interestingly, class averages of near-linear
segments of these fibrils suggested that intertwined protofila-
ments were wound in an approximate helical fashion around a
core of DNA (Fig. 2B). Unwound protofibrils ~45 A in diam-
eter, could be visualized in Cryo-EM of vitrified specimens of the
Lsr2-DNA complex (Fig. 2C).
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Effect of Isr2 Deletion and Overexpression on Hydrogen Peroxide
Resistance. The ability of Lsr2 to protect DNA from oxidative
damage in vitro suggested that Lsr2 might also protect live
mycobacteria against ROI and RNI. Our laboratory and others

Fig. 2.  Electron microscopic structure of Lsr2/DNA complexes. (A) Micro-
graph of purified, recombinant Lsr2 embedded in uranyl-acetate (UA, nega-
tive stain) displaying a filamentous structure. (B) Five representative class
averages of Lsr2 following reference-free classification of ~700 boxed (244 x
244 A) segments and isolated from the image shown in A and 2 other images.
The fibrillar structure with helical winding is apparent. The diameter of the
fibrils is ~90 A. (C) A cryoelectron micrograph revealing protofibrils of the
Lsr2-DNA complex. Arrows indicate the protofibrils and lines have been
placed to the immediate left of the protofibrils to further clarify their position.
The diameter of the protofibrils is ~45A.
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Sensitivity of M. smegmatis and M. tuberculosis mutants to H,0, and to NO. Five mM of H,0,, 10 mM of sodium nitrite, or 50 mM of sodium nitrite were

added to cultures of each strain. Culture aliquots were removed at different time points and plated on solid media. Results are expressed as colony forming units
(cfu) per milliliter of culture. (A) M. smegmatis strains treated with H,0,: (open diamonds) mc? 155 (control); (filled squares) NJS22 (/sr2 knockout); and (filled
triangles) NJS22.1 (/sr2 knockout strain overexpressing Isr2 on an expression plasmid). (B) M. smegmatis strains treated with sodium nitrite. Red indicates
treatment with 10 mM sodium nitrate: (red open diamonds) mc? 155; (red squares) NJS22; and (red triangles) NJS22.1. Black indicates treatment with 50 mM
sodium nitrate: (open diamonds) mc? 155; (filled squares) NJS22; and (filled triangles) NJS22.1. (C) M. tuberculosis strains treated with H,0,: (open diamonds)
H37Rv(pMV261) (control) (filled triangles); NJS18 (Isr2 overexpression strain). Error bars indicate plus and minus 1 standard deviation of a minimum of 3
experiments. The P-value at all time points (panel A) and at 3 and 4 h (panel B) was <0.05 in a Tukey's Studentize range.

have been unable to create M. tuberculosis knockouts of Isr2 (11),
indicating that this gene is likely to be essential in M. tuberculosis.
Fortunately, it is possible to knock Isr2 out of the related
mycobacteria M. smegmatis. To test for altered susceptibility to
ROI, we compared NJS22, an M. smegmatis mc> 155 Isr2
knockout stain, its parental mc? 155 control, and NJS22.1, the
NJS22 knockout complemented with M. tuberculosis Isr2 on an
overexpression plasmid, for their ability to survive in the pres-
ence of H,O,. Each strain was incubated in 5 mM H,O, and
aliquots were plated on solid culture media at different time
points. We found that the Isr2 knockout was indeed more
susceptible to H,O, than the parental M. smegmatis control (P <
0.01) after 3 and 4 h of H,O, treatment (Fig. 34). Overexpression
of M. tuberculosis Isr2 had the opposite effect, increasing the
number of surviving cfu compared to the parental control at 3
and 4 h (P < 0.01). To test for altered susceptibility to RNI, we
performed similar studies, this time treating the wild-type,
knockout, and overexpression strains with sodium nitrate, which
generates NO in acidified media (Fig. 3B). Unlike the case with
H,O, treatment, the viability of all 3 strains was equally affected.
These results suggest that cellular Lsr2 protects live mycobac-
teria against ROI but not RNI.

Although 1Isr2 knockouts are not available in M. tuberculosis,
Isr2 overexpression strains can be created in this species. We
compared NJT18, an M. tuberculosis strain overexpressing Isr2
(11) to its empty vector control [H37Rv(pMV261)] for the ability
to grow in the presence of H,O, by culturing both strains in 7H9
media containing 2.5 mM H,0, for various lengths of time and
then plating on solid media. As in the M. smegmatis studies, the
M. tuberculosis NJT18 strain overexpressing Lsr2 was less sus-
ceptible to the toxic effect of H,O, (P > 0.01). Notably, the
H37Rv(pMV261) control showed almost a half-log decrease in
cfu after 3 h of incubation with H>O,, while the NJS18 did not
show any decrease in cfu at this time point (Fig. 3C). In
complementary experiments, we compared the ability of the 2
strains to grow in liquid media in the presence of H,O; using the
BACTEC 460 culture system (16). Growing cultures of the
control strain were substantially inhibited in 40 mM H,O, and
were completely inhibited in 60 mM H,O, (Fig. S2A4). In
contrast, the NJT18 strain overexpressing Isr2 grew normally in
40 mM H,0,, showed some growth inhibition in 60 mM H,O,,
and was only completely inhibited in 80 mM H,O, (Fig. S2B).
Both strains were inhibited by identical concentrations of cip-
rofloxacin (Fig. S2 C and D), suggesting that survival differences
were not general to all types of stress. Taken together, these
studies strongly suggest that Lsr2 protects mycobacteria against
H,0;-generated ROL.

Microarray Studies. We have demonstrated that M. smegmatis
strains with either Isr2 interruptions or deletions have signifi-
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cantly altered transcription patterns (11). We considered the
possibility that overexpressing Isr2 could also alter transcription
patterns in a way that would indirectly protect against ROIs.
Microarray studies comparing the expression patterns of NJT18
versus H3;Rv(pMV261) were performed. Of the 6 microarray
replicas studied, a few showed upregulation of stress-response
genes such as groES, Rv0692, Rv0690c above the cutoff of +2.0
in NJT18. However, none of these genes are known to be
involved in detoxification, DNA repair, or have been shown to
protect M. tuberculosis from ROI. Furthermore, only Isr2 ex-
pression was found to be significantly increased above this cutoff
when the results of all 6 microarrays were analyzed together and
expression changes were tested for statistical significance. These
results strongly suggest that the increased resistance to H,O,
observed in NJT18 is because of a direct effect of the Lsr2
protein and not because of transcriptional changes in other
protective genes.

Survival Differences of Isr2 Mutants Within Murine Macrophages. We
examined the function of Lsr2 in the physiologically relevant
conditions of macrophage infection to complement the in vitro
studies. C57BL6 mouse bone marrow derived macrophages
(BMM) were infected with the Isr2 overexpression strain NJT18
and its H37Rv(pMV261) control to determine the effect of Isr2
overexpression in M. tuberculosis on survival during an intracel-
lular infection. No difference in intracellular growth was ob-
served between the 2 strains (data not shown). We then repeated
the intracellular infections with our panel of M. smegmatis strains
so that we could study the effect of sr2 deletion on intracellular
survival (Fig. 44). As in the case with M. fuberculosis, intracel-
lular survival was not increased by Isr2 overexpression. However,
deletion of Is72 in strain NJS22 had a marked deleterious effect
on survival. NJS22 survival decreased by approximately 1 log by
6 h after infection, while both M. smegmatis mc?> 155 and the
NJS22.1 complement were reduced only 3-4-fold (<0.05 in a
Turkey’s Studentize range). This difference remained statisti-
cally significant over all of the experimental time points. Cultures
of each BMM supernatant at each time point before BMM lysis
consistently produced cfu counts that were ~100-fold lower than
the lysed BMM cultures (data not shown), demonstrating that
the observed intracellular growth differences were not artifacts
of unequal extracellular growth.

Macrophages produce both ROI and RNI to defend against
intracellular M. tuberculosis. Our in vitro studies had suggested
that Isr2 deletion only alters susceptibility to ROI. Therefore, we
repeated the intracellular infection studies, this time using BMM
derived from NOS~/~ mice (which cannot produce RNI) and
Phox ™/~ mice (which cannot produce ROI), to identify which
protective pathways were interacting with Lsr2 during intracel-
lular infections. The Isr2 knockout strain survived less well than

Colangeli et al.
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Fig.4. Survival of M. smegmatis mutants within macrophages. Bone marrow
derived macrophages (BMM) from (A) wild-type C57BL/6 mice; (B) NOS—/~
mice; (C) Phox~/~ mice; and (D) wild-type C57BL/6 mice were infected with
(open diamonds) M. smegmatis mc2 155 (control) (red squares); NJS22 (/sr2
knockout); and (blue triangles) NJS22.1 (/sr2 knockout strain overexpressing
Isr2 on an expression plasmid). In panel D, the BMM were treated with 500 uM
of Fenbufen 1 h before infection and again 48 h after infection. For each
strain, the cfu at each time point are expressed relative to the cfu at time 0.
Results from a minimum of 3 replicates are shown for each time point. Error
bars indicate plus and minus 1 standard deviation. The P-values between
wild-type and Isr2 knockout strains for time points 48 and 72 h (panel A); and
time points 24, 48, and 72 h (panel B) were <0.05 in a Turkey's Studentize
range. The P-values between wild-type and /sr2 knockout strains were not
significantly different in panels C and D at all time points tested.

the control strain after infecting NOS™/~ derived BMM (Fig.
4B). This pattern was similar to the one produced when the
strains infected wild-type BMM. In contrast, the Isr2 knockout
strain had similar numbers of cfu compared to the control strain
when BMM derived from Phox™/~ mice were infected (Fig. 4C).
These results indicate that Lsr2 protects against ROI but not
against RNI. We then repeated the BMM infection experiments,
this time depleting the C5S7BL6 derived BMM of ROI by treating
with Fenbufen. Fenbufen has recently been shown to scavenge
oxygen radicals in vitro and within human leukocytes (17).
Fenbufen has a half life of ~20 h; therefore, BMM were treated
1 h before infection and 48 h after infection. Importantly,
treatment with Fenbufen eliminated the growth differences
between the Isr2 knockout and control strain, reproducing the
results obtained by infecting BMM from Phox '~ mice (Fig. 4D).
Together, these results provide strong evidence that Lsr2 pro-
tects against ROI but not RNI during intracellular infection.

Interestingly, we noted that overexpression of Isr2 (by
NJT22.1) permitted an enhanced level of intracellular growth
compared to the control in the NOS™~ BMM (Fig. 4B). These
results suggest that increased Lsr2 expression in M. smegmatis
can enhance protection against ROI during intracellular infec-
tion, but only when RNI are not present. However, the signifi-
cance of this finding is unclear because the analogous growth
advantage was not seen when NOS™/~ BMM were infected with
M. tuberculosis overexpressing Lsr2 (data not shown). On the
other hand, Isr2 overexpression resulted in decreased intracel-
lular survival compared to both the knockout and control strains
in the Phox~/~ derived BMM. It is possible that Isr2 overexpres-
sion is deleterious under intracellular conditions where it is not
needed to provide protection against ROI.

Discussion

M. tuberculosis has developed a number of strategies to survive
within the hostile environment of host phagocytes. This includes

Colangeli et al.

the ability to prevent phagolysosome maturation (18, 19), and an
ability to resist ROI and RNI (20). Proteins such as KatG and
AhpC-AhpD appear to detoxify ROI and RNI and are important
components of the M. tuberculosis oxidative stress response
(21-23). M. tuberculosis also secretes superoxide dismutase
encoded by sodA4 (24) which may protect against ROI, although
conclusive data on this function are lacking in M. tuberculosis.
Various cell wall components (25, 26), reductases (27, 28), and
the genes responsible for mycothiol production (29) also appear
to play a protective role. Lsr2 appears to use a different
mechanism to protect mycobacteria against oxidative stress that
requires direct protein-DNA binding. Many DNA binding pro-
teins locally protect DNA from ROI in vitro, indeed this
phenomenon is the basis for DNA foot printing studies (30);
thus, one could question the physiological relevance of the in
vitro protection which we observed. However, Lsr2 differs from
classical DNA binding proteins in its ability to bind long DNA
sequences with relative nonspecificity, to oligomerize, and to
regulate expression of a large number of genes (11, 15). These
features, along with its small size and high isoelectric point
suggest that Lsr2 is a member of the bacterial histone-like family
of proteins. Histones and histone-like proteins bind to DNA
through electrostatic interactions between the highly positively
charged regions of the protein and the negative charges present
on the phosphate groups of the DNA backbone (31). Studies in
eukaryotes have shown that histones can significantly protect
DNA against hydroxyl radical-induced DNA strand breaks by
binding DNA and organizing it into higher order chromatin
structures (32). The mechanisms by which nucleosomal histones
protect DNA from oxidant damage are still unclear (33, 34).
Protection may be related to alterations in DNA conformation,
or the histones may be preferentially oxidized over DNA and
become sacrificial targets when they are closely associated with
the chromosome (33). Here, we show that a prokaryotic histone-
like protein can also have the ability to protect DNA from
oxidative damage even though it does not form nucleosomes or
bind iron. Our biochemical and structural results suggest that
Lsr2 protects DNA by acting as a physical barrier against ROI.

Our work was complicated by the fact that Lsr2 appears to
have an important role in global transcriptional regulation (11).
Although we showed that Lsr2 overexpression has a minimal
effect on transcriptional control in M. tuberculosis, M. smegmatis
Isr2 knockouts do have altered transcriptional responses (11).
This past observation made it difficult for us to definitively
differentiate between the direct and indirect effects of Isr2
deletion in the BMM infection studies. However, the overex-
pression and in vitro studies and the electron microscopic results
presented here all strongly suggest a direct role for Lsr2 in ROI
protection. Our work was also limited by the inability of our
group and others to knock out Isr2 from the M. tuberculosis
genome. However, we were able to perform BMM infection
studies using an M. smegmatis Isr2 knockout strain. M. tubercu-
losis and M. smegmatis Isr2 have 86% sequence identity and we
showed that the M. tuberculosis Isr2 gene could fully complement
the phenotype of the M. smegmatis knockout in our BMM
infection studies. Essentiality complicates functional investiga-
tions; however, it also points to the importance of this protein to
M. tuberculosis. Essential proteins clearly make good drug tar-
gets. However, Lsr2 is not just an essential protein, but also one
that helps protect against a major host defense mechanism. Our
results suggest that Lsr2 could be an outstanding drug target
whose inhibition could help to control M. tuberculosis in both
extracellular and intracellular compartments.

Experimental Procedures

Growth studies were performed by incubating the mycobacterial strains in
liquid 7H9 media containing H,0; and then plating onto solid 7H10 media
or using the BACTEC 460 system as described previously (16) with either
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H,0, or antibiotic added to the cultures when the growth index had
reached 200. The microarray studies were performed as described (35),
using 6 separate RNA samples and a dye flip protocol. Growth within
macrophages was studied using BMM from C57BL/6, Nos2 t™'tav/), or
Ncf1m1/) (p47Phox) knockout mice. Bone marrow cells were differentiation
into macrophages, infected with mycobacterial strains at a multiplicity of
infection of 3, and then incubated with amikacin for 1 h. At different time
points, infected BMM were lysed and serial dilutions were plated to
measure mycobacterial cfu. DNA protection assays were performed by
incubating linear or plasmid DNA with 2 uM of Lsr2 protein or BSA followed
by treatment with FeSO4 and H,0; or control buffer. Lsr2 was disassociated
from DNA by dialyzing against 50 mM phosphate (pH 7.4), 800 mM NaCl.
Spin-trapping experiments and EPR measurements were performed as
described previously (36, 37), X-band EPR spectra were recorded at room
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