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Previous studies from our laboratory have shown that an allele of the heat shock protein GroEL (groEL411)
is able to specifically suppress some of the physiological defects of the single-stranded DNA-binding protein
mutation ssb-1. A search for additional alleles of the groE genes which may act as suppressors for ssb mutations
has led to the identification ofgroEL46 as a specific suppressor of ssb-113. It has very little or no effect on ssb-l
or ssb-3. All of the physiological defects of ssb-113, including temperature-sensitive growth, temperature-
sensitive DNA synthesis, sensitivity to UV irradiation, methyl methanesulfonate, and bleomycin, and reduced
recombinational capacity, are restored to wild-type levels. The ssb-113 allele, however, is unable to restore
sensitivity ofgroEL46 cells to phage X. The mechanism of suppression of ssb-113 by groEL46 appears to differ
from that of ssb-1 by groEL411. The data suggest that GroEL may interact with single-stranded DNA-binding
protein in more than one domain.

The single-stranded DNA-binding protein (SSB) is an
essential component in key metabolic reactions of DNA
metabolism in bacteria. It plays several important roles in
DNA replication, as well as in DNA repair and recombina-
tion. The specific roles of SSB in these processes have been
discussed in detail in several recent reviews (24, 37, 46, 52).
Mutations in the ssb gene have proved to be excellent as a
means of probing the various functional domains of the SSB
protein and have suggested that the defect in SSB-113 lies in
an inability to interact properly with other enzymes, while
that of SSB-1 lies in an inability to form tetramers (11, 52, 72)
or to properly bind DNA in the tetrameric form (7). The use
of extragenic suppressors is a useful experimental approach
to probe and identify in vivo protein-protein interactions
(27). A defect in one protein due to mutation may be
suppressed by a compensatory mutation that alters the
structure of a protein with which it must interact. The result
is a functional double mutant. By using such an approach,
we have previously identified an unsuspected interaction
between SSB and the heat shock (HSP) or stress protein
GroEL (54, 60). A mutation (groEL411) was able to pheno-
typically suppress the temperature-sensitive defect of SSB-1
in DNA replication and to partially restore the defect in
DNA repair.

Originally, groEL was identified by the inability of phage X

or T4 to grow on strains carrying mutations in this gene (19,
73). Subsequently, it was shown that GroEL is involved in X

phage morphogenesis by providing a scaffold for the assem-
bly of phage heads (31). GroEL was later identified as 1 of 20
different proteins now known to be induced by heat shock or
other cellular stresses (19, 20, 57). Indeed, at 30°C, GroEL
and GroES account for nearly 1% of the total protein, and
after temperature shift to 46°C, this percentage increases to
10 to 12% (25, 29). The GroE proteins are among the major
HSPs of Escherichia coli (25).

In an effort to continue the investigation of the interaction
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of SSB and the GroE HSPs and to examine the properties of
the groEL411 allele by itself, we attempted to move the
groEL411 mutation into other genetic backgrounds by phage
P1 transduction, by using closely linked tetracycline or
kanamycin TnlO transposon markers (12, 63) or the ampicil-
lin resistance gene (ampCpl) which lies near the groE locus
(3). However, no transductants could be obtained, indicating
that the groEL411 mutation is lethal in other backgrounds.
Consequently, we sought to find other groE alleles which
could suppress ssb mutations. We obtained nine different
strains carrying a groEL or a groES mutation and con-
structed double mutants with one of these groE alleles and
either ssb-1, ssb-113, or ssb-3. In the present study, we show
that the groEL46 allele can completely suppress all physio-
logical defects of the ssb-113 mutation but has no effect on
the other ssb alleles tested. The ssb-113 mutation, however,
cannot reciprocally suppress the xr phenotype of groEL46.
These results strengthen the evidence for a protein-protein
interaction between SSB and GroEL proteins. That the
defect of SSB-113 is so markedly different from that of
SSB-1 suggests that suppression by GroEL46 involves a
mechanism different from that of SSB-1 suppression by
GroEL411.

MATERIALS AND METHODS

Bacterial and phage strains. The bacterial strains used in
this work are listed in Table 1. The groE mutations examined
included groES7, groES24, groES30, groES97, groEL35,
groEL46, groEL59, groEL100, and groEL140. Phage P1 vir
was obtained from J. Zengel, University of Rochester, and A
phage was obtained from H. Echols, University of Califor-
nia, Berkeley.

Strain constructions. The mutant groE strains were ob-
tained from the laboratories of G. Walker and C. Georgop-
oulos (12, 15). All groE mutant alleles were transduced by
phage P1 vir into an E. coli W3110 background by the
method of Miller (56) by using the linked purA::TnlO
marker. Tetracycline-resistant transductants were selected
and subsequently tested for temperature sensitivity and
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TABLE 1. Bacterial strains used

Strain Relevant genotype or phenotype Source or reference

AB1157 (F-) thr-1 ara-14 leuB6 A(gpt-proA)62 lacYl tsx-33 supE44 galK2 B. Bachmann
mgl-51 X- rac hisG4 rfbDI rpsL31 kdgK51 mtl-l xyl-5 argE3 thi-1

W3110 (F-) IN(rrnD-rrnE)1 X- B. Bachmann
CG714 W3110 galE reL4 groEL140 15
CS196 AB1157 Ion Alac-169, sulA::lacZ [A pl(209)] ssb-3 zjc-l::TnlOtet I. Tessman
RM244 proA23 lac-28 tsx-81 trp-30 his-51 rpsL173 ampCpl Strr B. Bachmann
RM508 MG1655 malF3180::TniOkan 63
RM593 W3110purA::TnlOtet groEL46 This study
RM598 W3110purA::TnlOtet This study
RM599 W3110purA::TnlOtetgroEL46 ssb-113 This study
RM626 W3110ssb-3 This study
RM630 W3110ssb-1 This study
RM631 W3110 ssb-113 This study
RM644 W3110purA::TnlOtet groEL46 ssb-3 This study
RM645 W310 purA::TnlOtet groEL46 ssb-1 This study
RM646 W3110purA::TnlOtet ssb-113 This study
RM647 W3110 malB::TnlOkan groEL46 ssb-113 This study

resistance to bacteriophage X. Cotransduction frequencies
averaged 50%. When necessary, strains were cured of the
transposon by the method of Bochner et al. (5). The pres-
ence of the purA::TnJO transposon had no effect on the
behavior of the ssb or groE alleles.

Media. LB broth, LB agar plates, LB medium lacking
NaCl (LBNS), and nutrient agar plates were prepared as
described previously (56). Because salt can physiologically
suppress some ssb mutations (52, 64), it was necessary to
use LBNS in most assays. Both MacConkey-lactose agar
(Difco) and 1% peptone (BBL) with the additions of 0.05 mg
of 2,3,5-triphenyl-2H-tetrazolium chloride per ml and 1%
lactose (TTC plates) were used to determine recombination
frequencies of lac mutants. Minimal M9 salts medium with
the additions of 50 ,ug of thymine per ml and 10 ,g of
thiamine per ml was used in some experiments as indicated.

Chemicals and antibiotics. Methyl methanesulfonate
(MMS) was purchased from Eastman-Kodak. Bleomycin
sulfate, tetrazolium, and antibiotics were obtained from
Sigma Chemical Co. The antibiotics were used at the follow-
ing final concentrations: tetracycline, 20 p,g/ml; kanamycin
sulfate, 40 ,ug/ml; streptomycin, 65 ,ug/ml; and ampicillin, 10
,ug/ml. New England Nuclear (DuPont) supplied the [3H]thy-
midine.

Efficiency of plating (EOP) at 43°C. Cells were grown in
LBNS to an A595 of 0.5 at 32°C, diluted in M9 salts, and
plated on LBNS agar in triplicate at 32 and 43°C. The EOP
was calculated from the number of CFU at 43°C divided by
that at 32°C.
UV sensitivity. Qualitative assays for UV sensitivity were

performed as follows. Toothpick streaks of colonies to be
tested were made across agar plates. One half of the plate
was covered with a piece of black paper as a shield. The
plate was then irradiated with a germicidal lamp at 20 J/m2,
incubated overnight in the dark, and examined for growth on
the irradiated side of the plate the following day. For
quantitation of UV sensitivity, cells were grown in liquid
culture to an A595 of 0.5 at 32°C. After collection by
centrifugation, they were resuspended in 0.5 volume of M9
salts. A 3- to 5-ml sample was removed and placed in a
sterile glass 150-mm petri dish. Cells were irradiated at a rate
of 1 J/m2/s. At various intervals, duplicate or triplicate
aliquots were removed under a dim yellow light, diluted in
M9 salts, plated, and incubated in the dark at 32°C. On the

following day, the number of survivors was determined and
compared with that of untreated controls. Each experiment
was performed at least three times.

Cell survival after treatment with DNA-damaging agents.
Cells were grown in liquid culture as described above for UV
irradiation. Samples of 3 to 5 ml were removed and subjected
to one of two treatments as described below. At various
intervals, duplicate or triplicate aliquots were removed,
quickly diluted in M9 salts, plated, and incubated at 32°C to
determine survivors. MMS and bleomycin were used at final
concentrations of 38 mM and 10 ,ug/ml, respectively, accord-
ing to Hagensee et al. (26).
Recombination frequencies. Strain RM244 served as the

donor for P1 vir transduction of either lac29 (lac mutant) or
Strr markers. Postinfection, the recipient strains were plated
on either MacConkey agar or TTC plates and on LB plates
containing streptomycin and were incubated overnight at
320C.
Recombination frequencies were determined from the

number of Strr CFUs or lac mutant CFUs divided by the
total number of recipient cells on LB plates. At least three
independent experiments were performed for each marker.
DNA synthesis. Cells were grown in 20 ml of LBNS in a

250-ml flask at 32°C to an A595 of 0.20 to 0.25. Beginning at
30 min before temperature shift (-30), triplicate 0.2-ml
aliquots were removed, placed into test tubes (10 by 75 mm),
and pulse-labeled for 5 min at 32°C with [3H]thymidine at a
concentration of 1 ,uCi/ml. At time zero, 5 ml of cells was
removed from the flask by using a prewarmed pipette and
transferred to a 125-ml flask in the 44°C water bath. (The
water bath was maintained at 44°C to ensure that the
temperature within the assay tubes was at least 43°C.) The
culture was permitted to equilibrate for 1 min at the higher
temperature, and then 0.2-ml aliquots were transferred to
test tubes and pulse-labeled for DNA synthesis as described
above. At the higher temperature, pulse-labeling was carried
out for 3 min (21). Synthesis was stopped with 0.5 ml of cold
10% trichloroacetic acid on ice. The acid-precipitable DNA
was collected on glass fiber filters and washed, and the
radioactivity was determined by scintillation counting.

Sensitivity to phage A. A fast, qualitative test for phage X
sensitivity was carried out by a streak assay. A sample of 20
,ul of a high-titer X phage stock (-1011 PFU/ml) was streaked
down the center of a petri dish containing nutrient agar.
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TABLE 2. Specificity of suppression of the temperature
sensitivity of the ssb-113 mutation by groEL46

Strain genotype EOPa at430C

Wild type........... 1.01
groEL46........... 0.68

ssb-113........... 0.0000097
ssb-113 groEL46.............. 1.05

ssb-1........... 0.0038
ssb-1 groEL46........... 0.0027

ssb-3........... 0.0015
ssb-3 groEL46........... 0.00018

a EOP is the number of CFU 43°C divided by the number of CFU at 30°C.

Strains to be tested were streaked from left to right across
the plate through the X phage and then incubated overnight.
Strains resistant to the phage showed good growth across the
entire plate, while those sensitive to the phage showed
reduced or no growth to the right of the X streak. To confirm
phage sensitivity and for quantitative assays, the titer of the
X phage was determined by the method of Maniatis et al.
(47). A 0.1-ml aliquot of diluted phage stock was added to 0.1
ml of indicator cells grown overnight on LB agar plus 0.2%
maltose and incubated at 37°C. After 15 min, 2.5 ml of top
agar was added and the mixture was poured onto LB plates.
The plates were examined for plaques after overnight incu-
bation at 37°C.

RESULTS

Construction of ssb groE double mutants and identification
of a suppressor of ssb-113. We constructed 27 potential
suppressor strains by independently moving nine different
groE mutations by phage P1 transduction into strains carry-
ing either ssb-1, ssb-113, or ssb-3 alleles. All of the ssb
mutants are temperature sensitive for growth and sensitive
to UV. The purA::TnlO tetracycline resistance marker,
which is -50% cotransducible with groE, was used for
selection of this marker. Some of the groE mutants are
temperature sensitive, but all are resistant to phage X. Thus,
the presence of agroE allele was determined qualitatively by
a X streak assay and then verified by testing for the inability
to form X plaques in top agar. All 27 strains were subse-
quently tested for their ability to grow on LBNS plates at
restrictive temperatures (43°C) and for resistance to UV
irradiation by using the qualitative UV screening assay. One
of these strains (RM599, carrying the groEL46 allele)
showed phenotypic suppression of the ssb-113 mutation.
The presence of both ssb-113 and groEL46 alleles in this
strain was confirmed by independently transducing out each
allele from RM599. By using a TnJO Kanr marker located at
malB (63) which cotransduces -8% with ssb, ssb-113 was
transduced into W3110, selecting for Kanr. Of the transduc-
tants screened for UV sensitivity, 7.9% were UV sensitive
and all of these were temperature sensitive. Similarly, P1
transduction, by using the linked purA::TnlO Tetr marker
and testing for Xr, indicated that -50% of the Tetr transduc-
tants were Xr.
groEL46 supresses the temperature sensitivity of ssb-113

and is allele specific. The suppression of temperature sensi-
tivity of ssb-113 by groEL46 is shown in Table 2. At 43°C,
the EOP of ssb-113 cells is <10', but groEL46 restores this
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FIG. 1. Rate of DNA synthesis after temperature shift in various

strains. Cells were grown to an A595 of 0.25 at 32°C. At the times
indicated, 0.2-ml aliquots were pulse-labeled with 1 ,uCi of [3H]thy-
midine per ml for 5 min (32°C) or 3 min (44°C). The temperature shift
occurred at time zero (arrow). (A) 0, RM598 (wild type); 0, RM593
(groEL46). (B) A, RM646 (ssb-113); *, RM599 (ssb-113 groEL46).

to wild-type levels. The effect is allele specific, since neither
the ssb-1 nor the ssb-3 strains show increased survival at
43°C in the presence of groEL46. In fact, the groEL46
mutation reduces the EOP slightly in a W3110 background
on LBNS plates (Table 2), and the double mutants, ssb-1
groEL46 and ssb-3 groEL46, also have slightly lowered
EOPs than the corresponding strain carrying the ssb allele
only.

Suppression of temperature-sensitive DNA synthesis of ssb-
113 by groEL46. The ssb-113 mutation renders the cell
defective in DNA synthesis at elevated temperatures. Upon
a shift to restrictive temperatures, DNA synthesis drops by
an order of magnitude within a minute. We have examined
the effects of groEL46 on DNA synthesis, as shown in Fig.
1. Upon a temperature shift to 44°C, wild-type cells showed
a leveling off in DNA synthesis but continued their elevated
rate of synthesis of DNA. The groEL46 strain showed a
slight decrease in DNA synthesis, compared with that of
controls, but a continued high level of [3H]thymidine incor-
poration (Fig. 1A). The ssb-113 strain, however, showed an
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immediate, precipitous drop in DNA synthesis after transfer
(Fig. 1B), which is consistent with previous studies (53). The
groEL46 ssb-113 double mutant showed an immediate, slight
rise in DNA synthesis upon temperature shift, and then
continued synthesis at control levels followed. The initial
increase in DNA synthesis was reproducibly seen and may
correspond to a heat-shock-induced increase in GroEL46
protein. Although the experiment shown in Fig. 1 indicates a
slight difference in the initial rate of incorporation between
wild-type and ssb-113 cells, this difference is not significant
since some variation was observed from experiment to
experiment. However, the important observation, i.e., the
pattern of incorporation after temperature shift, was found in
all experiments. It is interesting that the groEL46 suppres-
sion of ssb-113 DNA synthesis is markedly different from
groEL411 suppression of ssb-1. In the latter case, upon
temperature shift, the rate of DNA synthesis immediately
dropped, as in ssb-1 cells, but then recovered after 4 to 5 min
(54, 60).

Effect ofgroEL46 on DNA repair in ssb-113 cells. While the
ssb-113 mutation renders cells defective in DNA synthesis
only at elevated temperatures, these cells are defective in
DNA repair at all temperatures as evidenced by their UV
sensitivity (11, 21, 34, 42, 52, 55, 70). We have, therefore,
examined the influence of groEL46 on ssb-113 UV sensitiv-
ity at nonrestrictive temperatures. As shown in Fig. 2A, the
groEL46 suppressor completely restored ssb-113 cells to
wild-type levels of UV resistance. Again, as with tempera-
ture sensitivity, this effect is allele specific, since groEL46
had only a small effect on the UV sensitivity of ssb-J cells
(Fig. 2B) and absolutely no effect on ssb-3 cells (Fig. 2C). It
is also interesting to note that the groEL46 suppression of
ssb-113 UV sensitivity is completely effective, whereas
suppression of UV sensitivity of ssb-1 by groEL411 is only
partially effective (53a, 54).
Two other DNA-damaging agents were also examined.

The ssb-113 cells are sensitive to both MMS and bleomycin,
although to a much lesser degree than to UV irradiation (Fig.
3 and 4). These chemical agents induce damage which is
repaired by excision mechanisms, resulting in short-patch
repair. In E. coli, SSB is not known to play a direct role in
repair via these pathways. Sensitivity to these agents may
result from the accumulation of single-stranded DNA after
damage and the inability of mutant SSBs to protect this DNA
from nuclease attack as efficiently as wild-type SSB does
(52). For MMS, the sensitivity ofgroEL46 cells is similar to
that of wild-type cells. The groEL46 suppressor completely
abolishes the MMS sensitivity of ssb-113 cells (Fig. 3). The
effects of bleomycin, shown in Fig. 4, are rather interesting.
Both ssb-113 andgroEL46 alleles independently resulted in a
limited sensitivity to bleomycin, and the sensitivity curves
are roughly parallel. The two alleles together, however,
mutually abolished the bleomycin sensitivity of each allele
alone.

Effect of groEL46 on recombination. While the most dra-
matic effects of the ssb-113 and ssb-1 mutations are on DNA
replication and repair (10, 21, 34, 42, 50, 51, 53, 55, 70), these
DNA-binding protein mutations also exhibit a less dramatic
but significant decrease in recombination (21, 23). We have
examined the recombination frequency of two different
genes in the ssb-113 and suppressor strains, as assayed by
phage P1 transduction. In comparison to wild-type cells, the
ssb-113 mutation reduces recombination of Strr and lac
mutant recombinants by about an order of magnitude (Table
3). The presence of groEL46 increases recombination back
to wild-type levels. Thus, the groEL46 suppressor is capable
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FIG. 2. Cell survival after UV irradiation. Cells were grown and

prepared as described in Materials and Methods and irradiated at 1
J/im/min. Aliquots were removed at various intervals, diluted, and
plated to determine survivors. (A) ssb-113 series. Symbols: 0,
RM598 (wild type); 0, RM593 (groEL46); A, RM631 (ssb-113); *,
RM599 (ssb-113 groEL46). (B) ssb-1 series. Symbols: *, RM593
(groEL46); V, RM630 (ssb-1); *, RM645 (ssb-1 groEL46). (C) ssb-3
series. Symbols: *, RM593 (groEL46); A, RM626 (ssb-3); *,
RM644 (ssb-3 groEL46).
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TABLE 3. Enhancement of recombinationa in
ssb-113 cells by groEL46

Frequency of recombination
Recipient Genotype

strain Str' lac mutant
recombinants recombinants

RM598 ssb+ groEL+ 3.3 x 10-7 4.2 x 10-5
RM593 ssb+ groEL46 2.5 x 10-7 4.6 x 10-5
RM631 ssb-113groEL+ 0.18 x 10-7 0.36 x 10-5
RM599 ssb-113groEL46 4.1 x 10-7 3.9 x 10-5
a Assayed by phage P1 transduction.

The only observed influence of ssb-113 on groEL was the
mutual suppression of bleomycin sensitivity described above
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DISCUSSION

ine survivors. Symbols: 0, RM598 (wild type); *@I, RM593 Physiological roles of HSPs. HSPs or stress proteins have
46); A, RM631 (ssb-113); *, RM599 (ssb-113 groEL46). attracted a great deal of interest in recent years, as they have

been found in all organisms examined, including thermo-
philes (43). Some of these HSPs show sequence homology as

pressing defects of ssb-113 in all three of its maj'or high as 50% in organisms ranging from bacteria to humans
nal areas, i.e., replication, repair, andbreiombinatio (20, 28, 59, 62, 73). This remarkable conservation indicates
alaroeasnot suppreplicatheon grepr andeectombinaioE 6

that these proteins play major roles in the physiology of all
'13 does not suppress the A growth defect of groEL46c cells. In E. coli, there are at least 20 different polypeptides

groEL46 is able to suppress all of the defects of now known to be synthesized after heat shock, and many of

i, there does not seem to be anyreciprocal effectwith them have been characterized (13, 19, 20, 25, 30, 57). Of

tto the ability of groEL46 to grow A phage. Although these, GroEL, belonging to the HSP60 family, is one of the

,roEL alleles are temperature sensitive, groEL46 is most abundant and interacts with GroES (HSP10) (65).

able 2). However, none of the groEL mutations Although GroEL is inducible by elevated temperatures, it is
~for 1Selyate

s were visible in top agar shows that even the double required at all temperatures (16, 74).swevsb ible in6 was unarbshowstohaupporteve tdow. Until quite recently, it has been thought that the primary
ssb-113 groEL46 was unable to support A growth. sequence of a polypeptide was necessary and sufficient to

* determine secondary structure. Folding of the protein into a
functional conformation was believed to occur spontane-
ously until the lowest free-energy state was attained (13).
However, it has now been shown that such spontaneous
folding is a very slow process for most proteins. Within the
cell, proteins called chaperonins or foldases assist in and are
essential to the process (13, 20, 30). This, in fact, is likely to

be the normal, primary function of HSPs which, upon
thermal stress, are induced to higher levels to prevent

heat-induced denaturation and/or to help refold proteins.
The GroEL HSP has been reported to facilitate folding of
citrate synthetase (6), 1B-lactamase (4, 38), and chloramphen-

*groEL46 icol acetyltransferase (38) from E. coli, and it is involved in
Assb- 113 its own multimeric assembly (44). Rubisco from the photo-
s*groEL46/ssb- 113 synthetic prokaryote Rhodospirillum nrbrum (22) also inter-

0owt acts with this E. coli HSP. GroEL has been shown to
renature X repressor (17) and dihydrofolate reductase (68).
Remarkably, the E. coli GroEL protein is capable of assist-

-JI ing in the folding of eukaryotic organelle proteins, including
rubisco of chloroplasts (18, 28) and rhodanese of mitochon-

0 5 10 15 20 25 30 dria (39, 48). The GroE proteins are also involved in protein

minutes with 10 ug/ml bleomycin transport mechanisms (1, 2, 4, 36, 40, 58).

4. Sensitivity to bleomycin. Cells were prepared as de- Interaction of SSB and GroEL. With the present study, we
in Materials and Methods and exposed to 10lOg of bleomycin have now identified two groEL alleles that demonstrate
At various times intervals, aliquots were removed, diluted, allele-specific suppression of ssb mutations. This raises
ted to determine survivors. Symbols: 0, RM598 (wild type); several interesting questions with regard to the mecha-
593 (groEL46); A, RM631 (ssb-113); *, RM599 (ssb-113 nism(s) of suppression and to whether GroEL participates in
6). replication, repair, or recombination. It should be empha-

100

. 10

I-
Cl)

:00n
=

ou

J. BACTERIOL.



SUPPRESSION OF ssb-113 BY groEL46 3209

sized that the data presented here suggest but do not prove

a direct interaction between SSB and GroEL. Indeed, there
is no evidence that wild-type GroEL is required for proper

SSB folding, as indicated by the following observations: (i)
overproduction of GroEL or GroES does not restore mutant
SSB functions (37a); (ii) wild-type SSB is functional in all
five groEL mutants tested, although it should be noted that
an appropriate groEL mutation may not have been found to
demonstrate this; (iii) GroEL does not bind to an SSB-
affinity column (57a); and (iv) SSB is capable of spontane-
ously renaturing after heating, forming functional tetramers
(51).
Does GroEL participate in recombination or repair? There

is no evidence for participation of GroEL in recombination.
The suppression of recombinational defects of ssb-113 by
groEL46 described here is the first suggestion of such a role,
although, again, it is most likely an indirect effect. Other
reports have provided evidence that GroE proteins play an

indirect role in SOS repair. Under conditions in which the
SOS operon was not inducible, Weigle reactivation of UV-
irradiated phages S13 and A were enhanced by increasing the
expression of thegroE genes (9, 45). Moreover, mutations in
either groEL or groES resulted in a nonmutable phenotype
even when the SOS regulon was induced (12). Suppressor
studies suggest possible interactions of GroEL or GroES
with the umuDC gene products which are required for
SOS-induced mutagenesis (12). The results reported in the
present study indicate that GroEL46 restores the DNA
repair defect of SSB-113 to normal, but, again, this is
probably an indirect effect.

Does GroEL participate in DNA replication? It is now

established that three E. coli heat shock proteins, DnaJ,
DnaK, and GrpE, participate in replication of phage X, phage
P1, and plasmid DNAs (8, 14, 19, 32, 35, 41, 49, 66, 71).
However, a direct role for GroEL or GroES in DNA
replication has not been observed. Wada and Itikawa (69)
found that the groES131 mutant was temperature sensitive
for both replication and transcription. Indirect evidence for
the participation of the GroE proteins in replication has been
suggested from the observation that overproduction of wild-
type GroEL and GroES can suppress certain dnaA muta-
tions (15, 33, 67). We have shown that the replication defect
of the ssb-1 mutation can be suppressed by groEL411 (54,
60) and, in this report, that of the ssb-113 allele can be
suppressed by groEL46.
What is the mechanism of GroEL suppression of mutant

SSB proteins? It is interesting to compare and contrast the
effects of the two differentgroEL suppressors on the two ssb
mutations. The location of the mutations in groEL is not yet
known and awaits sequence analysis. Thus, there is no

current information as to whether the two mutations lie in
the same functional domain of the GroEL protein. With the
ability of GroEL to interact with so many diverse proteins
(as discussed above), it would not be surprising to find more
than one functional domain.

Considerably more is known of the defects in the mutant
SSB proteins. The ssb-J mutation lies at amino acid 55 (His

Tyr) which is in the DNA-binding and subunit interaction

domains (52, 72). The SSB-1 protein dissociates into mono-
mers at the restrictive temperature (72) or fails to form
functional tetramers (7). We have suggested (52, 54, 60) that
the mechanism of action of GroEL411 protein may be one of
the following: (i) promotion of tetramer formation by acting
as a scaffold for proper folding and alignment; (ii) sequester-
ing of SSB-1 monomers and increasing the local concentra-
tion, thereby shifting the equilibrium in favor of tetramers;

or (iii) prevention of the unfolding and subsequent dissocia-
tion of SSB-1 that occurs at 43°C. Only the replication defect
of ssb-l is completely suppressed by groEL411. In contrast,
the ssb-113 defect is different. The SSB-113 protein forms
normal tetramers and binds well to DNA. The mutation lies
in the penultimate amino acid (176 Pro -- Ser) which is in a
region highly conserved among a variety of DNA-binding
proteins (61). As proline residues form bends in polypeptide
chains, such a change to a serine could have serious conse-
quences for protein folding. It is thought that this domain is
involved in protein-protein interactions which are disrupted
only at the restrictive temperature for DNA replication but
at all temperatures for repair and recombination. Thus,
GroEL46 may interact with this C-terminal domain to prop-
erly fold and/or refold the SSB-113 protein by virtue of its
foldase activity. The groEL46 allele suppresses all defects of
ssb-113. The exact mechanism of suppression awaits further
experimentation, but the interaction of GroEL with SSB
may prove to be an extremely useful one for mechanistic
studies of how chaperonins like GroEL and GroES bind to
various protein surfaces to facilitate folding or refolding (73).
Whether GroEL plays more than just an indirect role in
DNA replication is certainly a possibility, but it remains to
be demonstrated.
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