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ABSTRACT: Recently, we revealed the architecture

of the claitmader-helicase {-DnaB) complex in

Bacillus by atomic force microscopy imaging and constructed a structural model, whereby a pentameric
clamp—loader interacts with the hexameric helicase. Crucial to this model is the assumption that the
clamp—loader forms a pentamer in the absence of other components of the-tleader complex such

as 00'. Here, we show that thBacillus subtilist protein, even in the absence &', interacts as a
pentamer with the hexameric DnaB and that the L38% wf critical for the integrity of ther oligomer

and interaction with DnaB. The effects of the L381A mutation were confirmed by gel filtration,
ultracentrifugation, circular dichroism, cross-linking studies, and genetic replacementdridkegene

with a mutant L381AdnaX gene in vivo. The L381A protein is able to support growth in vivo only when
expressed in high quantities. Finally, despite the fact that a mutation at P465 has been reported to result
in a thermosensitive gene in vivo, a P465L mutant protein interacts with DnaB in vitro suggesting that
this defect is not a result of a defectiveDnaB interaction.

DNA polymerase Il holoenzyme (DNA pol. lll HE)s a
10-polypeptide complex that forms part of the replisoje (
It consists of three functionally distinct but interconnected
subassemblies2]. The pol. Ill core is formed by three
different polypeptidesq, ¢, and 6. The sliding clamp (or
processivity factop?) and the clamploader complex (also
known as the DnaX ol complex), are DNA-dependent
ATPases that consist of six different polypeptidesy, 9,
o', x, and y. Functional homologues exist in eukaryotes
where the proliferating cell nuclear antigen (PCNA) and the
replication factor C (RFC) complex play the roles of the
sliding clamp processivity factor and the claripader,
respectively 8, 4). Likewise, in bacteriophage T4, the
functional homologues of the sliding clamp and the clamp
loader are the gp45 and gp44/62 proteins, respectiigly (
Ther andy polypeptides are coded by the same geimak),
but y lacks the C-terminal domain ¢ of r because of
premature translational terminatio®, (7). Both 7 andy (to
avoid confusion, DnaX refers to bothand y) form the
central structural core to whiah, 6', x, andy bind to form
the complete clamploader complex that binds and delivers
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the processivity factoy;, onto primed DNA 8). The DnaX
complex is also involved in interactions with the pol. 11l core
(9), DnaB (0), and the single-strand DNA binding protein,
SSB (1). Its role is not limited to a structural one, by acting
as a connector at the center of the replisome, or simply
delivering the sliding clamp processivity fact@r as the
7-mediated stimulation of DnaB helicase activity is crucial
for the fast progression of the DNA replication forkQj.
Mutations in the large subunit of RFC or in the C-terminal
portion of 7 result in elevated mutation rates during DNA
replication (12, 13). Therefore, clamploaders are also
crucial for maintaining high fidelity during DNA replication.
Domain mapping analysis located both th@nd the DnaB
interaction interfaces within thezCdomain ofr (14, 15).
Although ther interaction interface of DnaB is still unknown,
the equivalent interaction interface of pak has been
identified to the last 48 amino acid residues at the C-terminus
of a (9).

Structural information from the crystal structures of the
Escherichia coliclamp—loader complex, containing the
polypeptide bound t@d' (16), the 65 complex (7), and
the 0’ (18) and g subunits 19), has revealed important
insights into the mechanism of the clamlpading reaction
(reviewed in ref8). A surprising finding of they complex
structure was the stoichiometry of the complé’s0. It was
previously assumed that the correct stoichiometry of the
complex wag400"yy (20, 21). Recent biochemical data also
provided evidence for the Dna¥o'yy stoichiometry 22).
Domain Il bindsod' andyy (23), and although chemical
cross-linking and immunoblotting experiments showed that
bothy andz can bindd’ in reconstituted in vitro complexes
of purified DNA pol. lll HE, only y cross-links tod' (24).
Clearly, domain Il is important for oligomerization and
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cooperative interactions between the subunits in the DnaX gene was cloned as adcd—BamH fragment into the

complex. They polypeptide in the crystal structure is a
truncated version (residues-873) lacking the last nine
residues of domain 11116, 23). Furthermore, at least one of
the subunits in the DNA pol. Il HE must be the

pET28a (Novagen) expression vector to construct the
pET28adnaX plasmid. A glutamate was found at position
533 instead of an alanine (data not shown). The same
sequence was also reported in Besubtilis YB886 dnaX

polypeptide, which is absent from the crystal structure, and gene 27), raising the possibility that the sequence deposited

its effect on the overall conformation of the complex is
unknown. The @ domain mediates the interaction with

(NCBI-GB NC000964) is incorrect.
Protein Purifications BstDnaB was purified as described

DnaB, but the molecular details of this interaction are poorly before @5, 28). Full-lengthr was purified using a combina-
understood at present. On the basis of atomic force micro-tion of medium substitution Blue Sepharose and MonoQ and
scopy (AFM) images, we were able to construct a structural Superdex S200 chromatography (Amersham Pharmacia Bio-

model for ther-DnaB interaction whereby a pentamer

tech). Typically 4 L of BL21(DE3)E. coli cells were grown

interacts with the hexameric DnaB. The model is based uponat 37°C, in the presence of kanamycin (89/mL) until the

the assumption that forms pentamers that interact with

ODggo Was 0.6. Expression was induced by IPTG (1 mM)

DnaB. In this work, we tested this assumption using for 3 h. The cell pellet was suspended in buffer A (50 mM
biochemical and biophysical methodology. Since DnaB from Tris pH 7.5, 2 mM EDTA, 1 mM DTT), and cells were

Bacillus stearothermophilustrain NCA1503 (ATCC 29609)

disrupted by sonication in the presence of PMSF R0).

is a stable hexamer under a variety of conditions, including The clarified supernatant was loaded onto a medium

low or high salt and the presence or absence of'Mg
nucleotides, and DNA25), we decided to take advantage

substitution Blue Sepharose column, maintaining the con-
ductivity below 10 mS, and eluted wi2 M NacCl in buffer

of these properties in this study and also in our previous A. After precipitation with (NH),SQ,, the protein was

structural studies. This strain is related more closelBto
subtilisthan otherstearothermophilustrains 26), with the
subtilisandstearothermophilu®naB proteins sharing 82%
identity and 92% similarity. Studying tH&. subtilisz protein

suspended in buffer B (50 mM glycine pH 9.5, 2 mM EDTA,
1 mM DTT) and loaded onto a MonoQ column maintaining
the conductivity below 10 mS and eluted with a NacCl
gradient (6-600 mM). Finally, the protein was applied onto

also allows us to compare our results with the more a gel filtration Superdex S200 column equilibrated in buffer

extensively studied protein from the Gram -vé&. coli.

A plus 100 mM NaCl. Fractions containingwere pooled,

We present in vitro biochemical and biophysical evidence made up to 10% v/v glycerol, aliquoted, frozen in liquid

to show that, even in the absenceddf, r forms pentamers
that interact with DnaB hexamers. This is distinctly different
than theE. coli system where has been reported to exist

nitrogen, and stored at80 °C. Typical yields of 16-12
mg of t per liter were obtained. The protein wa98% pure
as assessed by SB®AGE and Coomassie blue staining

as a tetramer. Furthermore, a conserved leucine residugdata not shown). Mutant proteins were purified as described

(L381) is critical for pentamerization and also for interaction
with DnaB. A mutant L381A protein forms a lower oligomer

for the wt protein.
Gel Filtration. The formation of a stable-DnaB complex

and is capable of supporting growth in vivo only when was monitored by gel filtration using Superose 6 HR 10/30
expressed in large quantities consistent with a somewhator Superdex S200 HR 10/30 size exclusion columns (Am-
defective interaction with DnaB. In contrast, a mutation at ersham Pharmacia Biotech), equilibrated with TED/100
another position (P465) does not affect binding to DnaB buffer (buffer A, 100 mM NacCl). The complex was formed
despite the fact that a 8. subtilisstrain (tsdnaXs1) has by mixing 1.37 nM DnaB with 4.1 nMr (referring to
been previously reported to carry a mutation at this position. monomers) in a total volume of 0.5 mL of TED/100 buffer.

The structural significance of theeDnaB (pentamer:hex-
amer) complex has already been revealed by AFM.

EXPERIMENTAL PROCEDURES

Cloning the B. subtilis dnaX Gen&heB. subtilis(strain
168 EMG50)dnaX gene was cloned by PCR using the
XNcol (5-GGGCAAACCCATGGTGAGTTACCAAGCTT-
TA-3') and XBam (5TCATTTTGGGATCCTTAGTCTTT-
TATTTCA-3') primers that introduce uniqu&lcd and

The mixture was incubated on ice for 15 min and then loaded
onto the appropriate column, at 0.5 mL/min, collecting 0.5
mL fractions. Control experiments with DnaB angroteins
separately were carried out in an identical manner. The
elution profile was monitored at 280 nm, and fractions
containing the proteins were analyzed by SEFSAGE and
Coomassie blue staining. Similar experiments were carried
out for the mutant proteins.

Gel filtration with the Superdex S200 and S75 HR 10/30

BamH sites at the beginning and end of the gene, respec-columns was also used to estimate the MW of the various

tively. The starting codon of theénaXgene is GTG, and the
XNcol primer is inserted the sequence ATGGGG in front
of the GTG codon. This modification introduced a methion-
ine—glycine dipeptide in front of the gene that improved
expression of the protein. The inserted dipeptide is unlikely

DnaB< and r complexes. Both columns were calibrated
using proteins of known MW purified previously in our lab,
P16 the 16 kDa C-terminal fragment Bf stearothermo-
philus DnaG, the 36 kDa Dnal and 44 kDa YxaL proteins
from B. subtilis the 82.5 kDa PcrA helicase frorB.

to have resulted in structural changes, as the first two residuesstearothermophilusand the 303 kDa hexameric DnaB

M and A of theE. coliy protein are not visible in the crystal
structure of they complex because they are highly mobile
and free of interactions with other residu@§)( Furthermore,
an N-terminally taggedt. coli r behaves like the untagged
protein, implying that these N-terminal modifications have
no adverse structural effect4, 23). The amplifieddnaX

helicase fromB. stearothermophilugdata not shown).
Site-Directed MutagenesiSite-directed mutagenesis was
carried out using the two-step splicing by overlap method,
as described elsewher9). The Q380A and L381A
mutations were constructed by mutagenic forward and re-
verse oligonucleotides as follows: Q380AF-BGAAAAA-
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AATCCAGGCGCTCGAACAGGA-3), Q380AR (B-TC-
CTGTTCGAGCGCCTGGATTTTTTC-3, L381lAF (8-
AATCCAGCAGGCGGAACAGGAAGTAG-3), and L381-
AR (5-CTACTTCCTGTTCCGCCTGCTGGATT-3.

The dnaX.381PP465L mutant gene was isolated during
PCR cloning of the wtdnaXgene. The L381P and P465L
single mutants were constructed by rearranging restriction
endonuclease fragments wittdnaX The wt and L381PP465L
dnaXgenes were digested witcoR and BamH restriction
endonucleasesEcoR restriction endonuclease cuts at a
unique site between the two mutations. TBeoR/BamH
fragment from the wtinaXgene was ligated into thecoR/
BamH-cut dnaX_381PP465L gene to produce ttieaX_381P
single mutant. TheEcoR/BamH-cut fragment from the
dnaX.381PP465L gene was ligated into theoR/BamH-
cut wtdnaXgene to produce thégnaXP465L single mutant.

All mutations as well as the absence of spurious mutations
were verified by sequencing.

Sedimentation Velocity UltracentrifugatioBedimentation
velocity ultracentrifugation experiments of wt (5 uM),
L381A (16 uM), DnaB (11 uM), the DnaBr (3:2 molar
ratio), and DnaB:L381A (2:1 molar ratio) complexes, in
buffer A supplemented with 100 mM NaCl and 10% v/v
glycerol, were carried out at 40 000 rpnr#®h at 20°C in
a Beckman Optima XL-A analytical ultracentrifuge, at the
National Centre of Molecular Hydrodynamics (NCMH),
University of Nottingham. Sedimenting species were moni-
tored by absorbance at 280 nm. Data were captured at 3 mi
intervals and analyzed as described in 36f using partial
specific volumes of 0.736 and 0.742 for DnaB amatoteins,
respectively, and plotted as a Gaussian distribution of the
apparent sedimentation coefficient, s*(20,w), uncorrected for
density, viscosity, or solute concentration and expressed in
Svedbergs (Sv). All concentrations above refer to monomers.

Sedimentation Equilibrium UltracentrifugationDnaB
(10.56 uM), 7 (7.2 uM), L381A (6.4 uM), and DnaBs
complex (formed by mixing, 0.99uM and DnaB, 0.7%M
and then purified by gel filtration) were loaded intok 2
single-channel and X 3-channel Beckman XL-A AUC
cells, and centrifugation was performed initially at 7000 rpm
for 28 h at 20°C. Absorption scans were performed at 280

n
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and 1.6-1.9 nM (referring to monomerg) proteins (either

wt or L381A mutant) in 20 mM phosphate buffer pH 7.4.
Reaction mixtures were incubated at room temperature, and
samples were removed at appropriate time intervals and
guenched with 50 mM Tris-HCI pH 7.5. Proteins were
resolved in an 8% SDSPAGE gel.

Construction of Plasmids for in Yo Gene Replacement.
Gene replacement in vivo was carried out using a xylose-
dependent conditional expression system for modulated
expression irB. subtilis(31, 32). The expression system is
contained on plasmid pSWEET for integration at &myE
locus of B. subtilis To create the pSWEET-dnaX and
pSWEET-dnaXLA plasmids, thénaXanddnaX.A genes
were excised out of the pET28a plasmid ba —Notl
fragments (theXba end was blunted) and inserted into the
Pad (blunted)-Not sites of the pSWEET-bgaB plasmid.
The cloning was directional and resulted in the replacement
of the bgaB gene with thednaX (pSWEET-dnaX) and
dnaXLA (pSWEET-dnaXLA) genes.

To precisely replace thdnaX gene, approximately 700
bp of sequence flanking either side drfiaXwas amplified
via a splicing by overlap metho@®83) by using primer pairs
MS1/MS1lint (MS1, 5GTGCAGTCGTACTTTCTCGAGTG-
GAAAAAGTG-3' and MS1int, 5GTTATAAATTTGGC-
CCGGGAGGTTATTGCGTGGGGTTTGCCCTCCTCCGT-
TATTCATC-3) and MS2/MS2int (MS2, SAGAAATAGC-
GCCGTGAAGAACGTGATACTGTC-3 and MS2int, 5
CACGCAATAACCTGCCCGGGCCAAATTTATAACCA--
AAATGAAAGAGAGTGAATGCTATG-3') for sequence
upstream and downstreamadriaX respectively. The flank-
ing sequence, reamplified with primers MS1/MS2 to generate
a single product with a uniqusrfl site in the middle, was
cloned as a blunt-ended fragment into tBeoRV site of
pBluescript SK-, generating the pBS-FLANK plasmid. The
spectinomycin (SPC) resistance cassette was amplified from
pUS19 B2) with primers AB14/AB15 (AB14, 5GGTT-
TACACTTACTTTAGTTTTATGGAAAT-GAAAGATC-

3 and AB15, 5TTATAATTTTTTTAATCTGTTATTTA-
AATAGTTTATAG-3') and subsequently incorporated in the
middle of thednaX flanking sequence (at th®&rfl site) in

nm and logged. The data were analyzed using the programtn® PBS-FLANK plasmid to generate the pFLANKspc

WInNONLIN, floating o, offset, and initialy value G0). The
program SEDNTERP30) was employed to assignvalues
into MW values, employing partial specific volumes of 0.736
and 0.742 for DnaB and proteins, respectively. All
concentrations above refer to monomers. The L381A protein
was analyzed further by additional experiments at 16 000
rpm, using two different samples.

Circular Dichroism (CD) AnalysisCD experiments were
carried out using and L381A proteins in 20 mM phosphate
buffer, pH 7.4 and three different concentrations of each
protein, 350, 250, and 150 nM (referring to monomers), in
a final volume of 2.5 mL for each sample. Spectra were run
on a Pi. Star 180 Applied Photophysics system using a 1
cm cell at 293 K, over a wavelength range of 2(BD0 nm.
Triplicate experiments for each sample were carried out with

plasmid. All sequences obtained by PCR were sequenced to
verify the absence of spurious mutations.

Manipulation of B. subtilisStrains encoding the wt and
L381A dnaXalleles were constructed as described elsewhere
(31, 32). The pPSWEET plasmid was kindly provided by Dr.
Eric Brown. The pSWEET-dnaX and pSWEET-dnaXLA
plasmids were linearized witBcd and introduced into the
B. subtilis 168 derivative EMG50 competent cells by
transformation 34). Transformants were selected on YT
plates containing chloramphenicol (28/mL) and tested for
amylase activity using starch plates and flooding with iodine.
One of theamy™ derivatives containing wiinaxX RT1, and
oneamy derivative containing the L381AnaXallele, RT2,
were used to prepare competent cells. The plasmid pFLANK-
spc was linearized witlscd and introduced into RT1 and

the baseline corrected by solvent subtraction. Mean residueRT2 competent cells plating on Y# 2% w/v xylose,

ellipticity (6) was calculated for each experiment and
expressed in cindmol2.

Chemical Cross-Linking?rotein cross-linking using glu-
taraldehyde was carried out at 0.002% v/v glutaraldehyde

chloramphenicol (1Qtg/mL), and spectinomycin (10@g/
mL) to form RT10 and RT20, respectively. PCR was used
to ensure that thdnaXgene had been replaced by a double
crossover between the flanking DNfaXand the homolo-
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gous DNA in the plasmid in both RT10 and RT20. Primers (A) MW(Da) 1234567
that bound to theinaX gene were used to amplify part of OD280 123 g
the dnaX alleles in RT10 and RT20 to verify by DNA !

sequencing that they contained the wt and L381A alleles,

o--T

respectively. " DnaBiT
Leaky expression was observed in a variety of media tested — T

(data not shown), but tight xylose-dependent growth without S5 11 M 16 Elution Vol. (ml)

leaky expression was achieved in Schaeffers sporulation OD280

medium @4). Growth curves were performed in Schaeffers / \' DnaB

medium containing chloramphenicol (10/mL), spectino- — T
mycin (100ug/mL), 0.2% w/v glucose, and varying amounts § W12 116 Elution Vol. (ml)
of xylose. Overnight cultures of RT10 and RT20 in Schaef- [\

fers plus antibiotics and xylose were washed twice in medium - I\

lacking xylose and used to inoculate cultures with 2, 0.2, |
0.02, and 0% w/v xylose. Cultures were grown with shaking D S
at 37°C, and samples were taken at various time points to
measure the Of3p. Three independent colonies for each of
the two strains were used to repeat the growth curves in (B) 1 (protein)  Oligomerization Interaction with DnaB

§ 10 12 W 16 Elution Vol. (ml)

triplicate results. wild-type + +
L381PP465L -

RESULTS P465L + +
L381P - -

Stable Interaction between the B. stearothermophilus L381A - .
DnaB and the B. subtilis Protein Detected by Gel Filtration. Q380A + +

A stable interaction between tHe. coli 7 and the DnaB —_
proteins ap«M concentrations has been reported previously (C) mwionr 2 5 4 s

(10). Under the conditions of these experimegis¢oli DnaB 205 S
was a trimer, and the true stoichiometry of this interaction g & <L381P A L381P
could not be established although the assumption is that a s @ === < DnaB | \"”'

\

tetramer interacts with a DnaB hexamer. We employed a : \
29

similar procedure to demonstrate a stable interaction between 1

the BstDnaB helicase and tiBe subtilisz protein. A stable DnaB 'f \/ \
DnaB< complex was formed at low nM concentrations == Y — -
(Figure 1A). The individual elution peaks of the two proteins Elution Volume (ml)

are close to each other, but in a mixture of both proteins (D)  vwaa1 2 3 3 5 ¢ ||

together, an earlier peak appears in the elution profile. The 7.4 1 L381A
presence of both proteins in this peak was confirmed by 66 i «L381A Sqf‘ -
SDS-PAGE analysis suggesting a stable interaction between 45 “wwewes <DnaB - |I' |
DnaB andr under our experimental conditions (Figure 1A). 31 DnaB f'_( \
This interaction is salt dependent as at 500 mM NaCl no ' |
. . . - . . . 21.5 |
interaction was detected, suggesting that it is mainly ionic 1“"' IJ U '|I
(data not shown). “ J A

Gel Filtration Shows that L381 Is a Critical Amino Acid 101z
Residue inc that Affects Oligomerization and Interaction Elution Volume (ml)

with DnaB.Durl_ng cloning of _thednanene, we isolated a Ficure 1: Mutations of z that affect binding to DnaB. (A)
mutant gene with two mutations, L381P and P465L. Sub- pormation of a stable complex between the BstDnaB andBthe
sequent overexpression, purification, and biochemical analy-subtilis ¢ proteins. The DnaB- complex was resolved by gel
sis of the L381PP465L mutant protein revealed two de- filtration through a Superose 6 column. Samples from peaks
fects: its oligomerization was different to wiand failed to ~ (indicated by numbers) were analyzed by SHEAGE. The

: . : numbering of lanes corresponds to the numbering shown in gel
interact with DnaB (Figure 1B and data not shown). To filtration profiles. Lane 5 is a control lane, showing a mixture of

investigate which of these mutations is responsible for these ified r and DnaB proteins in a 2:3 molar ratio (referring to

defects, we constructed the corresponding single mutantSmonomers), for comparison. (B) A summary of the apparent
(L381P and P465L) and investigated their oligomerization oligomerization and DnaB-binding propertiesmaiutants. A plus
states and DnaB-binding ability. Using analytical gel filtra- SI9n indicates apparent oligomerization and DnaB-binding properties

: imilar to wt 7, whereas a negative sign indicates a defect. (C)
tion, we showed that the P465L mutant behaves Compar‘f’lblyzxamining the L381PBstDnaB interaction by gel filtration. A

to wtz (Figure 1B and data not shown), whereas the L381P nmixtyre of the L381P mutant protein and DnaB was resolved by
mutant has different oligomerization properties and fails to gel filtration through a Superdex S-200 column. Samples, indicated
form a stable complex with DnaB (Figure 1B,C). We by numbers, were analyzed by SBBAGE. The numbering of

therefore concentrated on investigating further the importancel@nes corresponds to the numbers shown in gel filtration profiles.

of L381 L381P and DnaB proteins are indicated by arrows. No stable
) ) . . . interaction was detected. (D) Examining the L381BstDnaB

The replacement of leucine by a proline at position 381 is interaction by gel filtration. The same experiment using the L381A

likely to have caused local alterations in the structure that mutant. Again, no stable interaction was detected.
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may affect the ability of the protein to form correct oligomers (A E RESIDUALS = RESIDUALS
and interact with DnaB. We constructed the single L381A = 0'3 I ] Z—;i \m—nwﬂ
and also the adjacent Q380A mutants to study the individual 5%4144;6 e e e ;f—i-‘z] ——

. 1.4

contributions of these residues to the oligomerization and %5/ g4+
DnaB-binding abilities ofz. L381A formed a different 0.4

&

1 2 3 4 5 6
$*(20,w)Sv 1218(%) . s*(20,w)Sv
1.0 NG,

oligomer in solution, as determined by its elution profile in 0.3 DnaB o5

gel filtration studies, and failed to form a stable complex 2| g-g

with DnaB (Figure 1B,D). These results suggest that L381 I, 02

is a critical residue for correct oligomer formation and DnaB 0 ﬁ "F 0

interaction. However, our data cannot differentiate whether -

L381 is involved directly in interactions with DnaB or 4 6 8 10 12 14 16 18 0 1 2 3 4 5 6
whether its defective interaction with DnaB is the indirect A 5*(20,W)Sv
effect of its altered oligomeric state. Mutating the neighboring g 0.6 T 1

glutamine to an alanine (Q380A) had no apparent effecton = i

either oligomerization or interaction with DnaB (Figure 1B =

and data not shown).

Gel Filtration Shows that P465 Is Not Critical for
Oligomerization and Interaction with DnaBnterestingly,
a tsdnaX61 B. subtilisstrain has been reported to carry the
P465S mutation. It grows at the permissive (&) but not
at the nonpermissive (51C) temperatureZ7). This mutation s -
is within the G domain shown to interact with DnaB and 123456785101
DNA polymerasen in E. coli. Our data show that the P465L (B) 0.6 FESIDUALS
mutant behaves comparably to wprotein. It forms similar
oligomers that interact stably with DnaB in vitro, as shown
by gel filtration (data not shown). It is therefore likely that sl ]
the thermosensitive defect of dmaX61 is not because of a "4 6 8 1012714 16 18 20
defective interaction with DnaB. Instead, it may be attributed 3 s*(20,w)Sv
to defective interactions with either (or both) DnaE or PolC DnaB+7

P M A ey

Y(exp) - Y(fit)

]
-
]

*
-’
=

o 3
polymerases at the nonpermissive temperature, although >
currently there is no such evidence available. 1

Sedimentation Velocity Ultracentrifugation Also Supports 0.0

the Importance of L381 for Oligomerization and DnaB -1
Binding. The significance of L381 for oligomerization and

interaction with DnaB was also confirmed with sedimentation

velocity ultracentrifugation experiments. DnaBand L381A

proteins sedimented with apparent s*(20,w) values of 10.229 E o034 | |

+ 0.0017 Sv, 5.813t 0.046 Sv, and 2.73% 0.025 Sv, T o Mt At
respectively (Figure 2A). A mixture of DnaB andin a 3:2 £ 031 I T
molar ratio, sedimented as major species with s*(20:w) 0 s 4 6 s 10 12 14
12.031+ 0.161 Sv and a minor species with s*(20,w) 10 $*(20,w) Sv
9.811+ 0.350 Sv, corresponding to the DnaBzomplex g(s™)s DnaB+1.381A

$*(20,w) Sv

RESIDUALS
0.6

and traces of free DnaB, respectively (Figure 2B). By 6
comparison, a mixture of DnaB and L381A sedimented as 4
two distinct major species with s*(20,wj 2.850+ 0.075 2

Sv and s*(20,w)= 8.224+ 0.017 Sv, corresponding to free 0.0 |
L381A and DnaB, respectively (Figure 2B). These data are ) :

consistent with the analytical gel filtration results, showing 12345 :*223 ‘:)180”'2'3 14

that the L381A mutant fails to form a stable complex with _ _ o v _ ] ]
DnaB. We proceeded to investigate the molecular masseg 'GURE 2: Sedimentation velocity ultracentrifugation confirms the

o . importance of L381. Experiments for DnaB, L381A, angroteins
and thus the stoichiometries of the DnaB,and L381A (A), as well as the DnaB-and DnaB-L381A mixtures (B) are

proteins as well as the DnaBeomplex by sedimentation  shown. Data are presented as Gaussian distribution of apparent
equilibrium analytical centrifugation. sedimentation coefficients and show an interaction between DnaB

Sedimentation Equilibrium Ultracentrifugation Reals andz but not between DnaB and L381A.

that a Hexamer of DnaB Interacts with a Pentamer ahd _ _ _

that L381A Forms a Variety of Complex&edimentation ~ fits ando values of 1.7342 and 1.7006, respectively (Figure
equilibrium provides shape-independent estimations for the 3A). For the DnaBe complex, the residuals were elevated
molecular mass of proteins. We verified the oligomeric in the middle and reduced on either end (Figure 3B). When
species of our proteins (DnaB, L381A, and DnaBs we analyzed the data from near the meniscus (upper region)
complex) using this method. The molecular masses obtainedand further down the tube (lower region), the data fit into
for DnaB andr were 303 (hexamer) and 290 kDa (closer to two species, a major one with molecular mass of 616 kDa
a pentamer than a tetramer), respectively, with very good (lower region) and a minor one with molecular mass of 286
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(A) RESIDUALS RESIDUALS (A) RESIDUALS (B) RESIDUALS _
002sf . - | oms) LT 25 e 25}
0} ot O i L Of e
-0.025}F - R Y A - 2.5] - 25 )
21 215 22 24.5 25 25.5 2475 25.225 25.75 2475 2 252-§5 25.75
2 (em2 2 o2 R2(cm?2) R#(cm
R* (em*) R* (cm*) 0750 0750
0.4 . 0.35 0.625} 0.625¢
035t T 03F DnaB 4 < 05 g 05
03f 2 0375} 20375t
= = L [=)
§ 0.25} g 0.25 © 0250} ©0.250}
S 02} g 0 0.125} 0.125
0.15f 015 d’/ of of
.45 0.1r 2475 2525 2575 %75 2525 2575
s . . 2
21 215 22 0-03 24.5 25 255 R2(cm?) R2(cm?)
R2 (cm2) RZ(em?) Ficure 4: L381A forms a tetramer of varying degrees of associa-

tion. (A) Equilibrium ultracentrifugation data for L381A (sample
1) from an initial analysis based upon a single stable tetrameric
species. The residuals reveal a poor fit. (B) Analysis of the same
data based upon the assumption of tetramers of varying degrees of
: . association (see Results). The residuals reveal a good fit suggesting
245 235 255 a tetramer.
Rz(cmz)

062 [ residuals (Figure 4A). The value, 8.773, was intermediate

’ between a tetramer and a pentamer. Fits to data from both
samples were attempted based on the hypothesis that the
0.125 system consisted of tetramers with varying degree of
TR T T associationk(;). Theo value was therefore fixed at 7.5, with
(C) RESIDUALS RE(cm?) RESIDUALS In(K,) floated. Data from both samples could be fit well on

. R this basis (Figure 4B shows sample 1) yielding a molecular

e mass of 250 kDa. It is therefore likely that L381A exists as
P a tetramer.

2435 243 24750 2475 15 12535 CD Analysis of the L381A Mutantarge conformational
0.25 changes affecting the folding of the L381A protein were
02| DnaB-t eliminated by CD analysis. The CD spectra of wand
0.15 L381A proteins at three different concentrations (350, 250,
o and 150 nM) were superimposable, displaying the charac-
0.05 0.05 .. . . . . .
sasT i 250 o teristics of predominantlyt helical proteins with negative
RY(cm2) " RYem?) transitions near 208 and 222 nm and a positive transition
. _— —_ near 192 nm (data not shown). The data revealed that there
Ficure 3: Stoichiometry of ther-DnaB complex. Equilibrium h in th Il fold of the L381A
ultracentrifugation data for DnaB andproteins (A) and for the were no gross changes in the overall fold of the

DnaB-r complex treated as monodisperse (B) with residuals clearly mutant protein. The different oligomeric states of wt and
reduced on either side and elevated in the middle. (C) The samelL381A 7 proteins were also verified by a comparison of their

data for the DnaB- complex analyzed near the meniscus (repre- glytaraldehyde-mediated cross-linking patterns.
senting traces of) and near the base (representing the true DnaB- Glutaraldehvde C Linki to alutaraldehvd
complex). The sizes of the complexes indicate that DnaB@and utaraldehyde Cross-Linking-xposure to glutaraldehyde

are hexameric and pentameric, respectively, and one hexamer offor up to 30 min resulted in the formation of lower mobility
DnaB interacts with one pentamer of complexes | and Il for the wt protein and only complex |
for the L381A protein (Figure 5). Although it is difficult to
kDa (upper region) withr values 3.539 and 1.675, respec- determine unequivocally the stoichiometry of these com-
tively (Figure 3C). These represent the major species, naB- plexes, it appears that complex | represents a dimdBp
complex (hexamerpentamer), and the minor specias,  kDa), whereas complex Il represents a higher oligomer, either
(pentamer), and are compatible with the slight excess of a tetramer of~250 kDa or a pentamer of312 kDa.
over DnaB used to make the complex, assumingentamer  Extended exposure of L381A to glutaraldehyde for more than
and a DnaB hexamer. 60 min resulted in the formation of some complex Il (data
The initial data collected for two different samples of the not shown). These data show that there is a clear difference
L381A mutant indicated that its profile is significantly between the wt and the L381A oligomers but cannot
different than the wt. Although the average molecular weight determine whether this is the result of different oligomeric
of the oligomeric species in the two samples was 247 kDa states (different stoichiometry), different types of oligomers
for sample 1 (Figure 4A) and 274 kDa for sample 2 (data (d_ifferent shape), or even differences in the stability of the
not shown), there seemed to be a degree of polydispersityoligomers.
and some caution is needed in the interpretation of these Replacement of the wt dnax Gene with the Mutant L381A
data. Our initial analysis of sample 1 showed that a single- dnax Gene in \{io. ThednaXalleles were placed under the
species fit was not a particularly good fit, as judged by the control of the xylose inducible promoter and introduced

0D280 _

0D280
0D280
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2%, but with lower levels of xylose, growth was affected.

With RT10 there was a long lag phase, and then surprisingly
all four cultures grew at the same rate, even the culture
<11 containing no xylose (see later for the explanation). With

M (kDa) 1 4 5 6 7 8

2 3

205 RT20, the rate of growth was dependent on the amount of
xylose added. After inoculation, the RT10 cells may still
<1 contain xylose, despite being washed twice in an equal
116 Nm—t volume of medium without xylose, and/or they may have a
974 - high level ofr that even with dilution caused by cell division
256 <47 can still support growth. Thus, RT10, even without inducer,

can still undergo several doublings when the xylose con-
centration is less than 2%. With RT20, growth is much more
dependent on the level of xylose in the medium with only a
Ficure 5: L381A forms lower oligomers as compared to wt small increase in the Qfgy apparent with 0 or 0.02% xylose.
Glutaraldehyde cross-linking of wtand L381A proteins. An 8%  These data suggest that it is the endogenous L381A present
SDS-PAGE gel showing complexes | and Il obtained by glutaral- , yhe cells on inoculation that limits growth. We interpret

dehyde cross-linking of wt for 0, 10, 20, and 30 min (lanes 8, 6, L. . !
4, and 2, respectively). The equivalent experiment for the L381A these data to indicate that the mutant L381A is defective as

protein is shown in lanes 7, 5, 3, and 1. Molecular weight markers compared to wtr, but this defect can be suppressed by a

are as indicated. high level of expression.
RT10 RT20 DISCUSSION
25 3 7-DnaB Interaction Studies for thee. coli 7 protein using
2 2.5 Surface Plasmon Resonance (SPR) with truncated versions
= L5 S 2 of the protein revealed that the DnaB interaction interface
& Ris includes 66 amino acid residues (43496) in domain IV
o1 @) 1 (15). Domain IV includes the C-terminal 17 residues)of
0.5 but these were reported not to contribute significantly to
’ 0.5 DnaB binding (ref15 and Figure 7). Although the DnaB
0 2 4 ¢ 38 0 2 4 ¢ 3 interaction interface is in the ©domain, no stable DnaB-

Time (Hrs) Time (Hrs) Cr interaction has been demonstrated to date, despite the
. o fact that a stable complex between the full-lengdnd DnaB
Ficure 6: Effect of the L381A mutation in vivo. Growth curves 45 peen isolated by gel filtration). Instead, the interaction

of RT10 and RT20 strains. All cultures were grown at°& with LI L
shaking in the presence of chloramphenicol @@mL), spectino- ~ 1as been detected indirectly by SPE)(and cross-linking

mycin (100uL/ml), 0.2%w/v glucose, and 2, 0.2, 0.02, and 0% followed by immunodetection2g). However, G has been
w/v xylose (circles, squares, triangles, and diamonds, respectively).shown to substitute full-lengthin the presence of exogenous

RT10 exhibited no growth defect, whereas RT20 exhibited growth y in reconstitutece. coli replication forks, suggesting that
inhibition at low xylose levels. this domain by itself is functionally competer2§). Our
studies show that L381, which is also conserve#.igoli
(L419), is critical for oligomerization and DnaB binding. By
comparison, the neighboring Q380 residue is not required

ectopically, disrupting themy gene. These merodiploids
grew normally in the presence or absence of 2% xylose

indica_ting that the mutam}na)l( did not have a dominant for oligomerization or interaction with DnaB. Although L419
negative phenotype. Strains in which ttieax alleles are iy qomain IV of theE. coli 7 protein, it is within the

conditional on xylose were constructed by deletion of the N-terminal 17 amino acid residues of domain IV that are
endogenousinaXgene. RT10 and RT20 contain the wtand o nart of G and are instead the last C-terminal 17 residues
mutantdnaXalleles, respectively, both under the control of ¢ o shortery protein (ref15 and Figure 7). An extended
the xylose promoter. In this way, the expression of both genes, e rsjon of G- that includes these 17 residues was reported
can be controlled under identical conditions to ensure g ind to DnaB with an appareky similar to that observed
comparable_ expression. Qn Schaeffers medium with glucose ¢, he interaction of DnaB with € suggesting that these
neither strain could grow in the absence of xylose (data not rggjques do not contribute significantly to DnaB interactions
shown). When 2% xylose was added to this medium, both (15) " Similar results were obtained with our protein (unpub-
strains grew equally well, suggesting that under these jisheq work). However, our gel filtration and ultracentrifu-
conditions the L381A mutant protein was able to Support gaiion data show that this region is crucial for oligomeriza-
growth, but at lower xylose concentrations the growth defect jon and stable DnaB binding. Unfortunately, the crystal
was more pronounced for the RT20 as compared to the RT10g,,cture of theE. coli v complex shows a truncatedprotein
strain (data not shown). (residues +373) missing L419 and does not give us an
We tested the activity of the L381A protein as the xylose insight into the structure of this particular region of the
levels become limiting. Growth curves were performed on protein (L6). The importance of L381 is also highlighted by
RT10 and RT20 in Schaeffers medium containing glucose its good conservation among differemt proteins. It is
and increasing amounts xylose (Figure 6). These conditionsconserved not only betwedn coli andB. subtilisproteins
were chosen to increase the basal repression of the xyloséut also inS. pyogene¢l.384), B. halodurans(L387), B.
promoter by glucose catabolite repression in the absence ofstearothermophilustrain 10 (L382) while a valine (V394)
xylose. Both strains grew well with glucose and xylose at is found in the equivalent position in the lactis z protein.
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E. coli TLLRALAFHPRMPLPEPEVPRQSFAPVAPTAVMTPTQVPPQOPQS 395
B. subtilis AVVKICQTSHQSAADLPEYD -~ = === ———————=-———=—---- 372

APQQOAPTVPLPETTSQVLAARQOLO RVQGATQSEPAAATRA 439

——————————————— MLMKKIQ EQMM§TTG IKA%QESPK 401

RPVNNAALERLASVTDRVQARPVPSALEKAPAKKEAYRWKATTPW 83
K= == = e EAPRVPKGGKSNYKAP18

VMQOKEVVATPKALKKALEHEKTPELAAKLAAEATIERD PWAAQV 527
\’{GRI HEILKEATRPDLD%LRNSWGK&L&HLKQQNK ———————— vV 454

SQLSLPKLVEQVALNAWKEESDNAVCLHLRS SQRHLNNRGAQQK 571
%HAA&LNDSEP\‘%AGSAAFVLKFKYE II;{CKMVAE - —DI;IN%VRTN 496

LAEALSMLKGSTVELTIVEDDNPAVRTPLEWRQAIYEEKLAQAR 615
EEQI%E SML%K.RMD&IG\.; PEAQWGKIR- —EEFLEDHQQENEGSN 538

ESIIADNNIQTLRRFFDAELDEESIRPI 643
EPAEEDPLIAEAKKLVGADLIEIKD--- 563
* * * * k *

Ficure 7: CLUSTAL W sequence alignment of tite coli andB. subtilist proteins. Only the C-terminal ends are shown with identical
amino acids labeled by asterisks. An arrow indicates the position that defines the &haéry polypeptide. The smallest box indicates
Q and L residues that have been mutated, whereas the other boxes indicate the 66 amino acid residue re@onabfiieat has been
implicated in DnaB bindingX5).

The neighboring glutamine residue (Q380) is not as well with DnaB in a transient manner as compared towt
conserved, as there are threonine and asparagine residues ilternatively, it is likely thatr will form hetero-oligomers
the equivalent positions in th&. stearothermophilustrain with the §d' proteins to function in the loading of the
10 andL. lactis 7 proteins, respectively. clamp. It may also be possible that the L381A mutation

Is Oligomerization ofr Essential for Functional DnaB  affects the correct assembly of the d—¢' hetero-oligomer
Binding?Our ultracentrifugation data show that, even in the and thus also the loading of th# clamp. Whatever the
absence 0b9', at pentamer interacts with a DnaB hexamer precise functional defect of the L381A mutant, it is clear
in vitro. The structural significance of this interaction that it becomes apparent in vivo only when the expression
becomes apparent in a later paper. It is more likely that L381 of the mutant protein is limited under low concentrations of
does not contribute directly to DnaB binding, but because xylose. Under high concentrations of xylose when expression
of its importance to the integrity of the correct pentameric of the mutant protein is high, there is no observable
conformation, its removal in the L381A mutant affects functional defect.
{he conreat pentameric conformaton i important for iable ., C1GoMeric States of the vt and L3B1A ProteinsOur

P P data show an apparent disparity between the molecular

Interaction W't.h DnaB, although _Iess s_table (perh_aps tran- 1 asses of the wt and mutant L381A proteins determined
sient) interactions are also possible with lower oligomeric e . .
: : ; by gel filtration (this paper and re&f7) and those obtained
forms of r in the presence of other replisomal proteins, as . ) : d
) . . . by analytical ultracentrifugation (this paper). The former
the unique @ domain has been shown to partially substitute :
method suggests an apparent tetramer and trimer far wt

the function of the full-length protein in reconstitutedcoli and L381A/P broteins. respectively. whereas the second
replication forks 85), and our genetic data show that L381A P ' P Y,
method suggests a pentamer and tetramer forr veind

can sustain bacterial growth in vivo provided it is expressed . o . S
in high amounts. Interconversions of theomplex between L381A'. respectively. This d!spar|ty highlights the dangers
of relying solely on gel filtration for molecular mass

DnaB stably interacting and transiently interacting states may fimati d b lained b fthe d d
also be functionally significant, with the latter perhaps estimations and may be explained because of Ine dependence
of the elution volume of a protein on its shape or by

serving roles infS recycling from completed Okazaki i : ) ;
fragments (reB6) or in mismatch repair37). Such an idea nonspecific adsorption of the protein onto the column matrix.

has been suggested previouslyfaromplexes with different The frictional coefficie_nt,fo, fo_r a _non_hydrated, sphericgl,

7,y compositions 35). and compact particle in solution is given by the following
Significance of the L381A Mutation inad. The functional ~ ©XPression.

significance of the L381A mutation was verified by in vivo

gene replacement experiments. The data suggest that the fo= 6ayr(0)

L381A protein in vivo can still interact with the helicase

when produced in relatively large quantities and in the wherey is the viscosity of the solution;(0) = (3MV)/

presence of other replisomal proteins (normal growth in the 47N)%333 M is the molecular mass of the particl,is its

presence of xylose) but cannot do so when produced in tracepartial specific volume, andN is Avogadros’ number.

amounts. The simplest explanation is that L381A interacts However, proteins are hydrated and sometimes asymmetric,
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and the frictional coefficienf, is often greater thafy. Then 11

f= 6anr(H)

Biochemistry, Vol. 42, No. 37, 20030963

. Glover, B. P., and McHenry, C. S. (1998) Tpe subunits of
DNA polymerase Il holoenzyme bind to single-stranded DNA-
binding protein (SSB) and facilitate replication of an SSB-coated
template J. Biol. Chem. 27323476-23484.

12. McAlear, M. A., Tuffo, K. M., and Holm, C. (1996) The large

wherer(H) is the Stokes'’ radius. The ratii; is the frictional
ratio. If a gel filtration column is calibrated with a set of
proteins of approximately the same frictional ratios, then the
elution position is related to the molecular weight. If,
however, a protein with a different frictional ratio is run
through the same calibrated column, an erroneous estimate
will be yielded for its molecular weight. However, the
equilibrium ultracentrifugation technique gives molecular
mass estimations that are independent of shape and represeni5
the true oligomeric state of a protein.

Summarizing, in this study we present evidence that, even
in the absence 0dd’, a pentamer ofr interacts with a
hexamer of DnaB in vitro, and we identified a leucine residue
that is crucial for the integrity of the pentamer and its
interaction with DnaB. The fact that the L38ldhaXgene
at low expression levels fails to support bacterial growth in
vivo suggests that the integrity of L381 is important for the
function of 7. Finally, we showed that the P465L mutant
behaves in a manner comparable to the wt protein in terms
of its oligomeric state and its interaction with DnaB;
therefore, the growth defects observed with thelna)X61
strain carrying the P465S mutation are unlikely to be due to
a defective interaction with DnaB. The architecture of a
pentameria interacting with a hexameric DnaB has already
been revealed by AFM3@).
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