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ABSTRACT. RecA protein undergoes ATP- and DNA-induced conformational changes that result in different
helical parameters for free protein filaments versus RecA/ATP/DNA nucleoprotein filaments. Previous
mutational studies of a particular region of the RecA oligomeric interface suggested that cross-subunit
contacts made by residues K6 and R28 were more important for stabilization of free protein oligomers
than nucleoprotein filaments [Eldin, S., et al. (2000Mol. Biol. 299 91-101]. Using mutant proteins

with specifically engineered Cys substitutions, we show here that the efficiency of cross-subunit disulfide
bond formation at certain positions in this region changes in the presence of ATP or ATP/DNA. Our
results support the idea that specific cross-subunit interactions that occur within this region of the subunit
interface are different in free RecA protein versus RecA/ATP/DNA nucleoprotein filaments.

The bacterial RecA protein mediates genetic recombination RecA protein, whereas mutations at D112, N113, and D139
by catalyzing strand exchange between DNAs of related do not (L1). However, K6 and R28 mutant proteins showed
sequence. In the presence of ATP, RecA binds to ssDNA an apparent normal formation of nucleoprotein filaments and
with high affinity and it is this RecA/ATP/ssDNA nucleo- had nearly wild-type-like catalytic abilities. These results
protein filament that is the catalytically active form of the suggested that cross-subunit contacts made by K6 and R28
protein (L—4). Recent studies have shown that ATP promotes with positions in the neighboring subunit are different in the
high affinity ssSDNA binding by increasing the cooperative active vs inactive form of the protein.
association of subunits rather than by increasing the inherent |n this study, we have created a series of mutant RecA
affinity of monomeric RecA for ssSDNAS). Therefore, our  proteins with pairwise Cys substitutions at positions 6/139,
studies of the oligomeric properties of RecA have involved 28/112, and 28/113 to test the efficiency of disulfide bond
the identification and characterization of residues within formation under various conditions. Our data provide a direct
different regions of the interface that play important roles demonstration of ATP-induced changes in cross-subunit
in the transmission of ATP-mediated allosteric information jnteractions made between residues in this region of the
as well as in the stabilization of the oligomeric structure of sypunit interface.
the protein filament.

The present study focuses on an area of the interfaceEXPERIMENTAL PROCEDURES
defined by the N-terminal region of RecA in one subunit , i ,

(residues 6-30) and the complementary interacting surface ~ Plasmids and Proteinswild-type and all mutantecA
on the neighboring subunit defined by residues-1140 (ref genes are carried on plasmids in whigitA expression is
6; Figure 1). Early genetic studies using peptides consisting "égulated by thetac promoter (2). Screens for in vivo
of the N-terminal 77 residues7) or the N-terminal 50 function were carried out in either of twdrecA Escherichia

residues §) suggested that these formed mixed oligomers COli strains, MV1190 12) or DE1663’ (L3). X174 circular
with wild-type RecA, thereby, inhibiting its activity. Sub- SSDNA was purchased from New England Biolabs, and RV-1
sequent biochemical studies demonstrated the importance ofircular ssDNA was made as previously descritig).(RecA

the N-terminal 33 residues for RecA self-assemBlyand proteins were purified using variations of a prewously
also supported the idea that folding of the N-terminsielix described prpcedur&!_ﬁ). All buffers used in purification of
(residues 3-21) is coupled to RecA self-assemblg0y. mutan.t prqtelns contained _20 m,B,MI.E.to prevent spontane-
Although cross-subunit interactions in this region of the 0US d|sullf|de bond formation. Pur|f|cat_|on prqtocols were
interface are largely hydrophobic, the RecA crystal structure Slightly different for each mutant protein and involved the
shows the following cross-subunit ionic and polar interactions US€ of one or more of the following chromatographic steps:
as well: K6-D139, R28-D112 and R28-N113. Unex- ATP-agarose, heparin agarose, ceramic hydroxyapatite,
pectedly, we have found that mutations at K6 and R28 Superose 6 gel filtration, or Sephacryl S-1000 gel filtration.
impose severe defects on the oligomeric stability of free ~ MutagenesisAmino acid substitutions were introduced
using modifications of a previously described cassette
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Ficure 1: Details of the oligomeric interactions in this study. (A) &Arcarbon trace of a RecA dimer taken from the crystal structure of
the helical RecA protein filamen®). Subunit 1 is on the right (yellowt-carbon backbone) and subunit 2 is on the left (age@arbon
backbone). Highlighted areas includé/s0 (green) ang3/aE (violet). Complementary interacting surfaces\g/50, with 3,/aE,) are

in the center of the image. (B) Cross-subunit proximity of K6 (subunit 1)/D139 (subunit 2), and R28 (subunit 1)/D112/N113 (subunit 2).
This image has been rotated 28Yound they-axis relative to the image in panel A.

following exposure to UV light or mitomycin C and were final concentration of 10uM (bases). Incubation was
performed as previously describetB]. Cell growth across  continued at 37C for 1 h followed by addition of glycerol

a series of time zones of exposure was ranked from zero toto a final concentration of 12.5%. Samples were loaded onto
4, and fractional survival at 30 s was calculated from the a 1.2% agarose gel and electrophoresed in TAE buffer at 4
slope of a line resulting from a plot of relative growth vs V/cm. Gels were analyzed using a Personal Molecular Imager
time. RecA-mediated cleavage of the LexA protein was FX and QuantityOne software (Bio-Rad).

measured using MacConkey-lactose plates as previously ATPase Actiity. Single-strand DNA-dependent hydrolysis
described 13). of ATP was measured as describé8, (18). Reaction buffer
Determination of the Oligomeric Properties of Mutant contained 2 mM DTT. PEI chromatography plates were
RecA ProteinsThe effect of mutations on the oligomeric  analyzed using a Personal Molecular Imager FX and Quan-
properties of RecA was determined by analyzing the elution tityOne software (Bio-Rad).
profile of each protein on a Superose 6 HR gel filtration  |ntersubunit Disulfide Cross-Link&ormation and analysis
column as previously describediq). Column buffers con-  of intersubunit disulfide cross-links was performed as fol-
tained 20 mMBME. The concentration of RecA protein in  o\s. Protein (5Qug) was prereduced in the presence of 20
the column load was always 26V1. mM BME (20 min, 22°C) and desalted into reaction buffer
Electron MicroscopySamples were prepared for electron (100 mM Tris-HCI, pH 8.5/0.1 mM EDTA/30 mM NaCl/
microscopy by incubating wild-type or mutant RecA proteins 15 mM MgCL/5% glycerol) using a Microcon concentrator
at the indicated concentrations in the absence or presencgAmicon). Disulfide cross-links formed spontaneously by
of 3.0uM single-stranded circular DNA#X174 or RV-1). incubating protein (3@M final concentration) 60 min at 37
All reactions containing DNA includecE. coli single- °C in the presence or absence of A/ and/or ssDNA.
stranded DNA binding protein (0.028M) and were prein-  NEM was added to a final concentration of 30 mM, followed
cubated at 37C for 5 min. Reaction buffer included 25 MM immediately by addition of SDS to a final concentration of
triethanolamine-HCI (pH 7.5), 50 mM KCI, 5 mM Mggl 1.0%. Previously, we showed that addition of NEM at this
1 mM ATPyS, and 5 mMBME. Upon addition of RecA,  step is important for preventing formation of random
reactions were incubated for 15 min at37. Reactions were  disulfides when SDS is addedl9). The reaction containing
spread onto thin carbon films on holey carbon grids (400 NEM was incubated for 10 min at ZZ, Laemmli loading
mesh) and stained with 1% uranyl acetate. Samples weredye (8ME) was added, and samples were electrophoresed
visualized using a Philips CM10 electron microscope. on 8% SDS-polyacrylamide gels. Control experiments to
Gel Shift DNA Binding AssayReactions (3QuL) were ensure that all higher molecular weight bands observed on
performed in a buffer containing 20 mM Tris-HCI (pH 7.5), gels contained reducible disulfides were performed by
20 mM KCI, 10 mM MgC}, 0.5 mM EDTA, 0.5 mM incubating reactions witBME (150 mM final concentration)
ATPyS, and 5 mMpBME. Reactions were initiated with  following cross-linking. Gels were stained with Coomassie
addition of a 5-end labeled 97 base oligonucleotide to a blue (R250), or Western blots were performed using poly-
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Table 1: %1—Cp, Cross-Subunit Distances between Indicated WT ("‘;‘M) WT (LATPE) R?-ISC
Residues 251 ffs1235 12 3|[2 5 1 2 3]uMprotein
cross-subunit pair £,—Cp. distance (A)
Lys6—>Asp139 9.6
Arg28<—>Aspl12 6.8
Arg28<>Asn113 6.3
Phe21#Thr150 6.6
2 5123|251 23|t 2 4 5]uMprotein
-‘*
Table 2: In Vivo DNA Repair and Coprotease Activities
survival in the
fractional UV presence of MMC T T
Cys mutant  survival/30s  (0.3/0.6ug mL™Y)  coprotease R28C/N113C R28C/D112C K6C/D139C
wild-type 1.00 1.00/1.00 i Ficure 2: Gel shift DNA binding assays. Indicated concentrations
6 0.75 1.00/0.75 i of proteins were incubated with a 5’-end-labeled 97 base oligonu-

28 1.00 1.00/1.00 c cleotide and samples were electrophoresed on a 1.2% agarose gel.
112 1.00 1.00/1.00 i Reactions with wild-type RecA were done in the absence or
113 1.00 1.00/1.00 i presence of 0.5 mM ATFS. Reactions with mutant proteins all
139 1.00 1.00/0.85 i contained 0.5 mM ATPS.

6/139 0.75 0.75/0.75 i

ggﬁﬁg igg iggﬁg;g 2 Table 3: DNA Binding and ATPase Activities

i i A emin—1.
aj indicates “inducible” activity in the presence of DNA damage. ¢ SSDNA binding VI/E (mol ADP-min

a -1
indicates “constitutive” activity in the absence of DNA damage. All Cys mutant Kb app (uM) mol RecA™)
assays were repeated a minimum of four times and the range of standard ~ wild-type 0.2 225
errors is 5-15%. 28 0.4 23.0

28/113 0.5 12.5
. . . . . . 28/112 1.2 3.2
clonal rabbit anti-RecA antibodies as previously described /139 3.0 1.3

(12). Gels and blots were analyzed using a FluorS Multi- “Kpapp Was determined from plots of DNA bound vs protein

Imager (Bio-Rad). Reactions done in the presence of concentration and represents the protein concentration at which 50%
nucleotide cofactors contained either 1.0 mM ATP or 0.5 of substrate DNA is bound. DNA binding and ATPase assays were
mM ATPyS. When present, single-stranded M13 DNA was repeated three times and the standard errors approximated 20%.

added to a final concentration of ZO/ (nucleotides).

each of the engineered Cys substitutions do not significantly
RESULTS impair RecA function.

Design of Cys Mutationslhe RecA crystal structures) Function of Mutant RecA Nucleoprotein Filameritge
shows that the N-terminal region of the protein, defined by tested the ability of each mutant protein to form catalytically
a-helix A andp-strand 0 (residues-630), interacts with a  active nucleoprotein filaments in vitro by assaying for DNA
region of the neighboring subunit defined Bystrand 3 and binding and ATPase activity. The gels in Figure 2 show that
o-helix E (residues 112140; Figure 1). The majority of  each protein maintains the ability to bind ssDNA although
the interactions between these two complementary surfacedor the K6C/D139C mutant protein there is a substantial
are hydrophobic. Seven nonpolar side chains in subunit 1decrease in affinity. From plots of ssDNA bound vs RecA
are within van der Waals distance of eight nonpolar side concentration (not shown) we estimatégapp of 0.2 uM
chains in subunit 2. However, the structure shows that this for wild-type and 0.4«M for the R28C single mutant (Table
large hydrophobic cluster is flanked by polar and ionic cross- 3). Values ofKp app for the double mutants R28C/N113C,
subunit contacts. The-NHz group of Lys6 is 2.9 A from R28C/D112C, and K6C/D139C were estimated to be 0.5,
one of the carboxylate oxygens of Asp139 in the neighboring 1.2, and 3.QuM, respectively (Table 3). As for wild-type
subunit (Figure 1B). Also, one of the nitrogens in the RecA, binding to ssDNA by all mutant proteins is dependent
guanidinium group of Arg28 (N is 3.5 A from the carbonyl ~ on the presence of ATP (or ATS).
oxygen of the Asn113 side chain (Figure 1B), and two of ~ Turnover numbers for the ssDNA-dependent ATPase
the nitrogens (M and Ny1) are within 3.0 A of the main-  activity were calculated for each protein (Table 3). For wild-
chain carbonyl oxygen of Aspl112. Double mutants were type RecA and the R28C single muta¥iE ~ 23.0 mol
made with Cys at positions 6/139, 28/112, and 28/113. Single ADP-min~1-mol RecA™l, whereas the double Cys mutant
Cys mutants were also created at positions 6, 28, 112, 113 proteins showed varying degrees of inhibition with the K6C/
and 139. All mutant proteins could be overproduced and D139C protein showing almost an 18-fold decrease in
purified. ATPase catalytic proficiency (Table 3).

In Vivo Function of Mutant RecA Proteinds shown in Analyses of Oligomeric Propertieshe oligomeric struc-
Table 2 all single and double Cys mutants maintain a high ture of the double Cys mutant proteins in both the presence
level of recombinational DNA repair function as measured and absence of ATP and ssDNA was analyzed by electron
by survival in the presence of mitomycin C or following microscopy. In Figure 3 (panels-AD), we show negative
exposure to UV irradiation. All proteins maintain 75% of stained electron micrographs of wild-type RecA and the 3
wild-type recombination activity. All mutants also retained double Cys mutants in the presence of AB? As seen
substantial levels of either inducible or constitutively acti- previously 0—23), wild-type RecA forms a heterogeneous
vated coprotease function. These results demonstrate thapopulation of oligomeric structures including helical fila-
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Ficure 3: Negative stained electron micrographs of protein and protein-ssDNA complexes. Wild-type RecA and the three double Cys
mutant proteins were incubated in the presence of 1.0 mM/ST&nd absence of ssDNA (D) or in the presence of 1.0 mM ATS

and 3.0uM phage circular ssDNA (EH). Protein concentration in the absence of ssDNA-B was 2.0uM. Protein concentration in the
presence of ssDNA for wild-type, R28C/D112C and R28C/N113C wasld.,8vhile the concentration of K6C/D139C was 4M. White

arrows in panel G indicate regions of ssDNA not bound by protein. Black arrows in panel F indicate the single nucleoprotein filament
observed in this field. Black bar in each panel equalsu0rl

ments that range in length from 0.03 to 0.4&. For the proteins should accurately reflect the position of these side
double Cys mutant proteins no filaments are observed chains in the catalytically active form of the RecA filament.
indicating that each pair of Cys substitutions destabilizes The oligomeric properties of the mutant proteins were also
subunit interactions that are important for extended polym- analyzed by gel filtration under conditions that closely
erization in the absence of ssDNA. Although not shown in matched those used in the disulfide cross-linking experi-
Figure 3, occasional longer filaments 1.0 um in length) ments, i.e., at protein concentration80«M. The Superose
were observed for the R28C/N113C protein in the presence6 profile in Figure 4A shows that wild-type RecA forms a
of ATPyS, and these represented an extremely small percentheterogeneous mix of oligomers ranging fronx510° Da
of the total protein. These results are consistent with previousto 68 kDa. In the presence of APB, the oligomeric
studies in which we showed that either a K6A or R28A population undergoes a general shift to smaller sizes, a result
substitution inhibited the stability of free protein filaments that is consistent with previous studies using electron
(12). Interestingly, all three double Cys mutant proteins form microscopy, light scattering, and gel filtratioB2—25). In
a significant amount of seven-membered ring shaped oligo- contrast, each of the mutant proteins shows a profile
mers (Figure 3, inserts in panels B, C, and D). suggesting that the Cys mutations limit stable filament
In the presence of ssDNA and A¥B, each double Cys  formation in either the absence or presence of ASPThe
mutant protein forms a nucleoprotein filament (Figure 3, R28C/D112C protein retains some ability to form larger
panels F, G, and H), but the two that are most compromisedoligomers, and these shift to a smaller size in the presence
in their DNA binding affinity (K6C/D139C, R28C/D112C) of ATPyS. However, in this assay ATS does not show a
show distinct differences compared to wild-type RecA. As significant effect on the oligomeric distribution of the K6C/
expected under the conditions used (@\8 protein, 3.0uM D139C and R28C/N113C proteins.
bases of ssDNA), very little wild-type RecA remains in a Formation of Cross-Subunit Disulfide Bond=ormation
free state and all DNA molecules with bound protein are of cross-subunit disulfides was determined for each of the
fully covered, indicating cooperative filament formation by double Cys mutant proteins under three different conditions,
RecA on the ssDNA substrate (Figure 3E). The R28C/N113C in the absence of AT¥S and ssDNA, in the presence of
mutant (Figure 3H) forms nucleoprotein filaments that look ATPyS alone, and in the presence of both A/BPand
similar to those formed by wild-type RecA. The R28C/ ssDNA. We found that the efficiency of disulfide formation
D112C mutant (Figure 3G) shows a defect in cooperative was not affected by addition of oxidizing reagents; therefore,
filament assembly on ssDNA as most of the DNA molecules all disulfides observed in this study result from spontaneous
with bound protein are only partially covered. Arrows in cross-linking due to the proximity of the interacting Cys
Figure 3G indicate regions of sSDNA not bound by protein. residues.
The K6C/D139C mutant has the lowest affinity for ssSDNA  Cross-linking reactions were performed using the three
(see above and Figure 2) and even at elevated proteindouble Cys mutant proteins (R28C/D112C, R28C/N113C,
concentrations (4.0M in Figure 3F) a significant percentage and K6C/D139C) and the resulting SBfolyacrylamide gel
of the protein is not bound to ssDNA. Similar to the R28C/ run under nonreducing conditions is displayed in Figure 5.
N112C mutant, the K6C/D139C nucleoprotein filaments that Monomeric RecA runs just beneath the 47.5 kDa marker,
do form show regions of ssDNA not bound by protein. The and disulfide formation between the engineered Cys substitu-
helical pitch of nucleoprotein filaments formed by the mutant tions results in a series of slower mobility bands. Judging
proteins is similar to that formed by wild-type RecA$0— by the staining intensity, the cysteines at positions 6 and 139
95 A). Together, the functional and structural analyses show form a disulfide bond with greater efficiency than those at
that despite defects in DNA binding affinity and cooperative positions 28/112 or 28/113. This result was observed
filament assembly on ssDNA, cross-subunit disulfide forma- consistently during the course of this work. This is an
tion between the engineered Cys residues in the mutantunexpected result given that thg2Cj3, distance between
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Ficure 4: Gel filtration profiles of wild-type RecA and the three double Cys mutant proteins. Superose 6 gel filtration profiles reveal that

the engineered Cys mutations inhibit formation of larger oligomeric species. Larger oligomers observed with wild-type RecA (A) and the
R28C/D112C protein (C) undergo an ATP-induced shift to smaller sizes, whereas the oligomeric distribution of K6C/D139C (B) and
R28C/N113C (D) is largely unaffected by the presence of ATP. Size markers are thyroglobulin (650 kDa), ferritin (440 kDa), catalase (232

kDa), and BSA (68 kDa).

_R28C R28C K6C in disulfide formation when cross-linking is done in the
pic NIPC D133C presence of ATPS or ATPyS/ssDNA. ATR'S or ATP/S/

ssDNA have no effect on the efficiency of disulfide formation

in the K6C/D139C mutant. These data suggest that binding

of ATPyS by RecA results in a conformational change that
kDa brings residues 28 and 112, as well as 28 and 113, into closer
proximity, but does not significantly affect the proximity of
residues 6 and 139 (see Discussion).

83 In previous work, we performed similar disulfide cross-
™ linking between a F217C substitution and several engineered
Cys mutations in the neighboring suburii®)]. One double
Cys mutant that was particularly efficient at disulfide
formation was the F217C/T150C mutant. The gel in Figure
6 (lanes 4-6) shows that this mutant gives rise to a ladder
of bands that extends well up into the gel well. During the
time of cross-linking nearly all monomeric RecA is converted
FiGURE 5: Disulfide cross-linking performed using the engineered to higher molecular weight forms. The fact that the efficiency
double Cys mutant proteins. Proteins (@0l) were incubated at  of disulfide formation does not correlate with thg< Cj3,
37°C for 60 min in the absence or presence of A&and sSDNA distances between residues 28/112, 28/113, and 217/150 (6.8

as indicated and processed as described in the Experimenta . .
Procedures. Monomeric RecA (38 kDa) runs near the bottom of A* 6.3 A, an'd 5-6 A, rESDECtI\/.ely, Table 1) suggests that
the gel while slower mobility bands represent disulfide cross-linked Cross-subunit distances seen in the RecA crystal structure

dimers, trimers, etc. The efficiency of disulfide formation increases may not accurately reflect those in the solution form of the
in the R28C/D112C and R28C/N113C proteins in the presence of RecA filament (see Discussion).

either ATP/S or ATPyS/ssDNA. )
In a control experiment we show that none of the three

residues 6 and 139 is 9.6 A, whereas those between residuesative Cys residues in wild-type RecA formed disulfides that
28/112 and 28/113 are 6.8 and 6.3 A, respectively (Table 1;would interfere with our analyses of the cross-linking

see Discussion). Most interestingly, we find that both the efficiency of the engineered Cys mutations (Figure 6, lanes
R28C/D112C and R28C/N113C mutants show an increasel—3). The X-ray structure of RecA also shows that none of

175

— 62

— 47.5
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WT C150 6 result exclusively from formation of cross-subunit disul-
RECA (217 ﬁdets.between the engineered Cys residues in the mutant
proteins.

ATP,S | - + +| - + +
SSDNA] - - +]- - + DISCUSSION

!‘*

In this study, we provide direct biochemical evidence for
an ATP-induced movement of specific side chains within
the subunit interface of the RecA protein. In the RecA crystal

kDa structure, Arg28 is close to both Asp112 and Asn113 in the
neighboring subunit (Figure 1). Formation of a specific cross-
subunit disulfide bond results when pairwise Cys substitu-
tions are introduced at positions 28 and 112, or positions 28
and 113, and in both cases, the efficiency of disulfide

—175

— 83 formation is increased in the presence of ABor ATP/S/
62 ssDNA. We performed a series of assays to assess the effects

475 of the designed Cys mutations on both the functional and
structural properties of RecA, and based on these we
conclude that the observed changes in disulfide formation
LL2 3]4 56 reflect a genuine ATP-induced reorientation of these posi-

FIGURE 6: Disulfide cross-linking performed using wild-type RecA  tions in the wild-type protein. First, in vivo analyses of
and the T150C/F217C mutant protein. Proteins (3@) were recombination proficiency show that all single and double

incubated at 37C f_or 60 min in the absence or presence_ofﬁ}dS_P Cys mutants maintain at least 75% of wild-type RecA
and ssDNA as indicated and processed as described in thef;nction (Table 2). Second, the three double Cys mutant

Experimental Procedures. The three Cys residues in wild-type RecA : S L
do not show any disulfide formation that results in subunit cross- proteins maintain both an ATP-dependent sSDNA binding

linking while the T150C/F217C mutant protein shows very efficient activity as well as a DNA-dependent ATPase activity,
formation of cross-subunit disulfides that is not affected by the although the K6C/D139C mutant shows a significant de-

presence of either ATS or ATPyS/ssDNA. crease in both functions (Table 3). Third, electron micro-
scopic analyses reveal that each of the three double Cys
mutant proteins forms a nucleoprotein filament with dimen-
sions, e.g. diameter and pitch, virtually identical to wild-
type RecA, despite the fact that the R28C/D112C and K6C/
D139C proteins show a defect in cooperative filament
assembly on ssDNA. The fact that the K6C/D139C protein

kDa does show some level of in vivo and in vitro function
eliminates the possibility that no ATP-induced change in
disulfide cross-linking is seen simply because the protein

=175 does not bind ATP.

The helical filaments formed by RecA in either the absence

e WT RECA

e (150/C217
b K6C/D139C
e R28C/N113C

— R28C/D112C

ol BN or presence of ATP and DNA have distinct structural
® 62 parameters. This has been most clearly demonstrated by
w 475 electron microscopy (reviewed in refd7 and 28) and
additionally with the use of hydrodynamic and biochemical
—1=32.5 methods 24, 29). EM reconstructions reveal that filaments

Ficure 7: Disulfide cross-linking followed by incubation with ~ formed in the absence of any cofactor (the “inactive” form)
BME. Disulfide cross-linking experiments were performed as have~6.1 subunits/helical turn and a pitch of 76 A, while
described (Experimental Procedures) followed by incubation with fjlaments formed in the presence of AF® (or ADP-AIF ;)
ﬂR'\élcEA(g?n% mﬂ'opé?ésv'gf rrr?é)gbriﬁ{e at the position of monomeric g (the “active” form) have-6.2 subunits/helical turn
y bands. .

and a pitch of 95 A27). In the RecA crystal structure, the
the three native cysteine side chains are close enough to fornprotein filament has 6.0 subunits/turn and a pitch of 82.7 A
a disulfide with cysteines introduced at positions 6, 28, 112, in the absence of cofactors)(and 83.1 A in the presence
113, or 139 (not shown). Therefore, although previous work of ADP (30). Therefore, there must be some differences in
has shown that none of the native Cys residues is critical the arrangement of amino acid side chains at the subunit
for RecA function 26), we chose not to mutate these in order interface when comparing the crystal structure with EM
to avoid any further compromise to the structural and reconstructions of the active filament form. Ideally, for these
functional integrity of the designed mutant proteins in this Cys cross-linking studies, we would like to compare the

study. efficiency of disulfide formation in the inactive vs active
Additional controls included cross-linking reactions with form of the filament. In fact, in our earlier work mutant
each protein followed by incubation with exceSME. proteins carrying a F217C substitution and another Cys

Samples were run on an SDS gel under reducing conditionssubstitution on the surface of the neighboring subunit were
and the results in Figure 7 show that all proteins migrate as able to form both catalytically active nucleoprotein filaments
a single band at the position of monomeric RecA. This as well as inactive filaments in the absence of ABRand

demonstrates that the slower mobility bands in Figures 5 andDNA (19). In the present study, each of the double Cys
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mutants can form a catalytically active nucleoprotein filament these side chains as they occur in the solution structure of
yet formation of filaments in the absence of AJ® and the protein.

DNA is limited, even at protein concentrations used in the  The “head-to-tail” polymeric arrangement of the RecA
cross-linking reactions~30 uM). At this higher protein protein filament creates a rather complex mixture of surfaces
concentration the oligomeric distribution of the R28C/D112C that make up the subunit interface. In our studies of different
protein is shifted to smaller sizes upon incubation with regions of the interface, we have attempted to identify two
ATPyS, and this may contribute in part to the observed ATP- general classes of cross-subunit interactions, those that are
induced changes in the efficiency of disulfide formation. important for stabilization of the protein oligomeric structure
However, ATP'S does not significantly affect the oligomeric and those that are involved in the transmission of allosteric
distribution of the R28C/N113C protein and the observed information across the interface. Of course, these two classes
increase in disulfide formation with this protein is most are not necessarily mutually exclusive. Recently, we have
simply explained by an ATP-induced conformational change demonstrated that Phe217, which lies in another area of the
occurring within each RecA subunit that adjusts the cross- subunit interface, plays a direct role in transmitting ATP-
subunit proximity of residues 28 and 113. Given the induced allosteric information throughout the RecA filament
heterogeneity of the oligomeric population for all three (33). Analysis of the oligomeric properties of various mutant
mutant proteins in the absence of ATP and DNA at the proteins with substitutions at position 217 suggest that this
concentrations used in the cross-linking experiments (Figureresidue is less important for the overall stabilization of the
4), we are not strictly comparing the efficiency of disulfide RecA filament, rather its primary role is in allosteric
formation between the inactive vs active filament forms of information transferX7, 33). However, other residues in this
each protein. However, our data does indicate that confor-Same area do play important roles in stabilizing the oligo-
mational changes at the subunit interface induced by bindingmeric structure of the proteiri 7). The region of the subunit

of ATPyS and ATR'S/ssDNA can be monitored by changes interface that is the focus of the present study appears to be

in the efficiency of disulfide formation between the engi- involved exclusively in stabilizing the filament structure of
neered Cys residues. RecA and is unlikely to play any direct role in the trans-

mission of allosteric information. Several pieces of evidence
support this idea. Mutant proteins carrying a F217C substitu-
tion paired with various other Cys mutations on the surface
of the neighboring subunit form disulfide cross-links but
show no ATP-induced change in the efficiency of disulfide
formation (19). In contrast, ATP does change the efficiency
of disulfide formation between pairs of Cys substitutions at
positions 28/112 and 28/113. Additionally, a conservative
F217Y mutation increases ATP-mediated cooperative fila-
ment assembly>250-fold (33). Together these data are
consistent with the idea that it is Phe217 that mediates ATP-
induced shifts in the positions of residues at the subunit
interface and that residues 28, 112, and 113 are not involved
in this signaling process. This idea is also supported by
results from Zaitsev and Kowalczykowsld4) in which they

The acceptable limits for £i—Cf, distances in disulfide
bonds is 2.94.6 A as determined by measurements of
disulfides in protein structures and by modelirgf,(32).
Although the @@;—Cp, distance for each pair of residues in
this study (6.3-9.6 A) is greater than 4.6 A, clearly the Cys
substitutions introduced at positions 6/139, 28/112, and 28/
113 are close enough to result in some degree of disulfide
formation. Interestingly, the £ —Cp, distances and the
orientation of the side chains for these three pairs in the
crystal structure would predict the following order for the
efficiency of disulfide cross-linking: 28/113% 28/112 >
6/139. In fact, exactly the opposite is observed. The K6C/
D139C protein shows the greatest amount of disulfide
formation despite the fact that thesC-Cf, distance of 9.6

A is_ §_3 A greater than the oth_er pairs_. However, given the ¢howed that theecA phenotype of aecAA9 mutant (a
flexibility of the extreme N-terminal region of RecA (crystal- ¢ ncation that removes the first nine residues) is suppressed
Iozgraph|c B-factors for all atoms at positions 3are=52.4 5 second site mutation that apparently increases the
A?), Cys substitutions at residues 6 and 139 likely spend gapjlity of cross-subunit interactions in this area of the
more time within bonding distance than is indicated by the jnterface. Therefore, in the wild-type protein any cross-
Cp1—Cp. distance in the structure. TheSG-Cp, distance  gypunit interactions mediated by residues9land their

crystal structure shows that the N113 side chain is directed cannot play important roles in a mechanistic process involv-

toward the subunit interface and R28, while D112 is directed jng allosteric information transfer.
more inward toward its own subunit (Figure 1). However,  r her studies are aimed at clarifying molecular interac-

t_h? 28/112 pair consistently crpss-links with greater ef- yiong within various areas of the RecA subunit interface and
ficiency than the 28/113 pair. Additionally, the F217C/T150C 5y they contribute to stable assembly of RecA filaments
mutant protein forms an intersubunit disulfide very efficiently 54 optimization of catalytic function.

(Figure 6 and refl9) yet has a B:—Cf, distance intermedi-
ate between the 28/112 and 28/113 pairs (Table 1). Therefore ACKNOWLEDGMENT

the @3,—Cp, distances derived from the crystal structure

do not necessarily correspond to the observed efficiency of ~The authors wish to thank Dr. Celia Schiffer for help with
disulfide formation. While we certainly recognize that the creating Figure 1 and Dr. Julie DeZutter and Janice Lloyd
oligomeric defects resulting from the paired Cys mutations for valuable discussions.

at positions 6/139, 28/112 and 28/113 may play a role in

the unexpected “reverse” order of cross-linking (see Figures REFERENCES

3 and 4), the results also suggest that the crystal structure 1. Radding, C. M. (1989Biochim. Biophys. Acta 100831
may not accurately display the relative distances between 145.
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