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ABSTRACT. The Escherichia colireplication terminator protein (Tus) binds tightly and specifically to
termination sites such aberB in order to halt DNA replication. To better understand the process of
Tus—TerB interaction, an assay based on surface plasmon resonance was developed to allow the
determination of the equilibrium dissociation constant of the comp{gk &nd association and dissocation

rate constants for the interaction between Tus and various DNA sequences, inGledingingle-stranded

DNA, and two nonspecific sequences that had no relationshietB. The effects of factors such as the

KCI concentration, the orientation and length of the DNA, and the presence of a single-stranded tail on
the binding were also examined. TKg measured for the binding of wild type and ktiBus toTerBwas

0.5 nM in 250 mM KCI. Four variants of Tus containing single-residue mutations were assayed for binding
to TerBand the nonspecific sequences. Three of these substitutions (K89A, R198A, and Q250A) increased
Ko by 200-300-fold, whereas the A173T substitution increasged by 4000-fold. Only the R198A
substitution had a significant effect on binding to the nonspecific sequences. The kinetic and thermodynamic
data suggest a model for Tus bindingerB which involves an ordered series of events that include
structural changes in the protein.

The DNA replication termination protein Tus blocks the replication fork merely by acting as a clamp that prevents
progress of the replisome in the final stages of chromosomalstrand separation by the replicative helicase DnaB or whether
replication inEscherichia coliand related bacterial species specific interactions between Tus and some component of
(1—6). The Tus protein binds as a monomerTer sites the replisome, probably DnaB, are also involve). (
situated in the terminus region of the bacterial chromosome Certainly, the Tus Ter complex is capable of blocking the
in such a way as to form a replication fork trap 8). The action of the DnaB, Rep, and SV40 helicases in a polar
progress of a fork is halted when traveling in one direction manner in assays where the action of the helicase is coupled
(from the nonpermissive face of the complex) but not the to DNA replication ¥, 10—12) and of a range of other
other (the permissive face). Replication forks traveling in helicases in other in vitro reactiong (L3—17). With a clamp
both directions are therefore able to enter the terminus regionmechanism, simple thermodynamic arguments alone cannot
but not leave it. The TusTerB interaction is one of the  explain the polarity of termination, so kinetic (or dynamic)
strongest among protetligand interactions and is the arguments must be invoked. To understand better the
strongest known DNA-protein interaction involving a mon-  mechanism of TusTer binding, we have used surface
omeric DNA-binding protein. The native Tus protein binds plasmon resonance to develop a straightforward quantitative
to theTerBsite, for example, with an equilibrium dissociation DNA-binding assay and have characterized the effect of
constant Kp) of 3.4 x 107** M in 150 mM potassium  substitution of important residues involved in sequence-
glutamate, pH 7.59). specific contacts between Tus amdr DNA sites.

~ Our aim is to understand the molecular basis of the To facilitate this study, we first constructed new highly
interaction of Tus withTer DNA and especially to dissect enriched sources of Tus and variants of it by insertion of
the series of events that lead to sequence-specific DNA the tus gene into new expression vectors and developed a

binding. In doing so, we expect to shed some light on the rapid procedure for purification of Tus in large quantities.
mechanism of replication termination and, in particular, on That work is reported briefly in this paper.

the polarity of the termination process. There is some

controversy over whether Tus blocks the movement of the The crystal structure of the Tuger complex (8)

indicates that the core DNA-binding domain of the protein
consists of two pairs of antiparall@tstrands that lie in the
T This work was supported in part by an Australian Postgraduate major groove of the DNA. Kamada et ajlg) identified 14
Research Award (to C.N.) and an Australian Research Council residues that make sequence-specific contacts toTére
Australian Postdoctoral Fellowship (to S.E.B.). - . L .
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are both at or near the nonpermissive face of the-Tiey

Neylon et al.

pMTL22P @3), pET3c @4), and pND706 25) have been

complex (i.e., the end that blocks the passage of the described. Plasmid pCL477, a derivative of vector pCL476
replisome), make most of the sequence-specific contacts towhich directs overproduction of Met-Hisagged M13 gene

this end of theTer sequence, and are thus of interest in

Il protein, was as describe@%). Plasmids were routinely

investigating fork arrest. The other two residues from outside selected and maintained i coli host strain AN145926).

the core binding domain (Q250 and Q252) also make
sequence-specific contacts to fher DNA but do so at the

permissive face of the complex. As a first step in investigat-
ing the overall DNA-binding process, we examined the effect

Strain BL21(DE3) 27) was used for overexpression tofs

in derivatives of pET3c. Bacteria were grown in LB medium
supplemented with 25 mg/L thymine and 50 mg/L ampicillin.
DNA sequencing reaction mixtures were prepared with the

of altering three of these outlying residues (R198 in the ABI Prism Big-Dye terminator kit (Perkin-Elmer), using
C-domain and K89 and Q250 in the N-domain) and one in vector primers 9 and 1026) for derivatives of pND706,

the core binding domain (A173). Mutahtis genes were
constructed in which the codons for K89, R198, and Q250

PET1 (B-CTATAGGGAGACCACAAC), PET2 (5CTTT-
CGGGCTTTGTTAGC), and primer 45 (@ GATGCGTC-

were converted to alanine codons, and A173 was convertedCGGCGTAG) for derivatives of pET3c, as well as primers
to threonine. Residue Q252 was not altered as this would SP1 (3-GGTCGATAACCTTTCGC) and SP2 (85GTC-

remove a salt bridge between it and K175, and it was

GATAACCTTTCGC) that are complementary to sequences

assumed that this would destabilize the core binding domain.within tus

The AL173T variant is well characterizedq 20) and

T7 Promoter Vectors pETMCSI, pETMCSII, and pETMC-

provides a means of comparing the results with those SllII. For construction of modified bacteriophage T7 promoter

published previously.

vectors, theEcdRl site in pET3c was first removed by its

Surface plasmon resonance can be exploited to allow thelinearization with this enzyme and its recircularization with

monitoring of biomolecular interactions in real time by
measuring refractive index changes at a surfadg {To use
this technique to study the interaction of Tus variants with
Ter DNA, biotin-labeled oligonucleotides were immobilized

T4 DNA ligase after filling of the sticky ends with the
Klenow fragment of DNA polymerase I. Loss of theoRl
site and generation of a nesrl site in the product plasmid
pND721 was confirmed by restriction digestion and gel

on a streptavidin-coated surface. Wild-type and variant Tus electrophoresis. A polylinker sequence was then inserted into

proteins were allowed to flow over the immobilized DNA,
and the interaction of the proteins with it were observed.
Equilibrium dissociation constantkf) and associatiorkg)

and dissociationky) rate constants were measured, and the
effect of salt concentration as well as DNA orientation and

this plasmid downstream of the T7 promoter and ribosome-
binding site by insertion of the 69-kgdd —Bglll fragment
from pMTL22P between theéNdd and BanHl sites of
pND721 to yield vector pETMCSI, which is useful for
overexpression of genes that haveNudd site at their start

length was examined. The results confirm that Tus binds codon @8). To construct pETMCSII, which is generally

with very high affinity to TerB but also indicate that Tus
can bind nonspecifically to both ss-DNAnd ds-DNA that
does not resemblEerB. The large effect of salt concentration

useful for overexpression of genes within DNA fragments
that already contain a ribosome-binding site and start codon,
the 4568-bpXba —BanHI fragment of pND721, the 80-bp

on the association kinetics is consistent with the proposition ECORV—Bglll (polylinker) fragment of pMTL22P, and an

that a conformational change is an important part of the
binding process. Finally, the complexes TérB with Tus

equimolar mixture of two complementary'{Bnphospho-
rylated) oligonucleotides, ' 8SCTAGTAATAATTTTGTTA

variants all have higher dissociation constants than thoseand 3-TAAACAAAATTATTA, were ligated together. Re-

observed for the wild-type TusTerB complex, and the

striction digestion and nucleotide sequence determination

trends observed suggest that the N- and C-terminal domainsconfirmed construction of pETMCSII. Next, the 1483-bp

of Tus have very different roles in binding TerB. On the

Met-Hiss-gene II- BanHI—Bglll fragment from pCL477 was

basis of these and other data, we propose that DNA bindingligated with pETMCSII that had been linearized wiganH|

involves sequential ordered structural changes in Tus (i.e.,

a zipper model), which might also help to explain the polarity
of replication fork arrest by the complex.

EXPERIMENTAL PROCEDURES

Reagents, Plasmids, and General Methddsthods for
DNA manipulation were generally as describ&®)( Oli-
gonucleotides, some of which (as specified) were modified
at the 5 end by a biotin residue followed by a 10-mer abasic
poly(deoxyribose Bphosphate) spacer, were from Gene-
Works (Adelaide, Australia). Vent DNA polymerase (New
England Biolabs) was used in the supplied buffer for PCR.
The plasmid pTH3119), used as source of thes gene,
was a gift from Dr. Peter Keumpel. Plasmid vectors

! Abbreviations: DTT, dithiothreitol; ds-DNA, double-stranded
DNA; IPTG, isopropyls-p-thiogalactopyranoside; RU, response units
(BIACORE); ss-DNA, single-stranded DNA; Tug&scherichia coli
replication terminator protein (Swiss-Prot, P16525; PDB, 1ECR).

and 3-dephosphorylated with alkaline phosphatase. Trans-
formants of AN1459 were screened for plasmids that
containedgene 1l in the orientation appropriate for its
expression from the T7 promoter, yielding plasmid pCL773
(6148 bp). This plasmid contains tviddd sites, one at each
end of thegene Il insert. Deletion of the 1448-bpldd
fragment yielded vector pETMCSIII (see Supporting Infor-
mation).

Plasmids for @erproduction of TusThe tus gene was
excised from pTH3119) by digestion withSal. The isolated
1724-bp fragment was then digested wifttd, which
removed 20 nucleotides from thé &nd of the gene. The
1159-bp Acd—Sal fragment, an equimolar mixture of
complementary oligonucleotides-BATGGCGCGTTAC-
GATCTCGT and 5CTACGAGATCGTAACGCGCCA, and
the 4307-bpNdd —Sal fragment of vector pND70625)
were ligated together to yield plasmid pCM847 (Figure 1A).
This manipulation effectively restored theénd of the gene,
now with anNdd site at the start codon, and placags
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Table 1: Oligonucleotide Primers for Mutagenesisu

mutation new site primers (%o 3)

K89A Bglll CTTTTAAGATCTAGCGCGGCCGCCGTACGTCTGCCTGGCGTG
GGOCGCGCTAGATCTAATTTCGGACTGTTGTTGAATAAATAAATGE

A173T Aflll CGACCCCGCCACCTTAAGGTTTGGTTGBCTAATAAACATATC ®
GATATGTTTATTAGT CCAACCAAACCTTAAGGTGGCGGGGTCG

R198A Munl TCCTGGCACAATTGGAAAAAAGCCTGAAATCACCAGCCAGTGTCGC
primer 10 26)*

Q250A Mlul CCAACACGCGTGCCCTACACCACT®G®

AGGGCACGCGTGTTGGACGCTTTTTGATCTCCTTT
2 |ntroduced restriction endonuclease sites are underlined, and the new codon (or its complement) is showh Rritnads used with primer

10 (26) for PCR amplification of the '3portion of the genes Primer used with primer 226) for amplification of the 5portion of the gene? The
template was aus derivative that already containedMunl site at the required positiofi.Digested withMlul and Puull (see text).

San  EcoRl

pCM847

Hisgs-tus

pCM862
(5872 bp)

C

N P P ME
pCMe62 (w.t)  e— ||
N BS AP P ME
pAK985 (K89A) %g
N AF P ME
pAK981 (A173T) *g
N ARU P ME
pAK978 (R194) nmm——
N AP M P ME

pAK984 (Q250A) *—&“

Ficure 1: Plasmids used for overexpression of Tus (A),sHiss

(B), and Hig-Tus mutants (C). (A) Plasmid pCM847 is a derivative
of the bacteriophagé promoter vector pND70&25). (B) Plasmid
pCM862 is a derivative of the T7 promoter vector pETMCSIII.
(C) Ndd—EcaRlI fragments inserted in pETMCSIII to generate
pCM862 and plasmids containing mutamsgenes. The filled boxes
representus and sites of mutations are indicated by arrowheads.
Restriction sites:A, Aflll; B, Bglll; E, Ecarl; M, Mlul; N, Ndd;

P, Puull; R, Nrul; S BsiwI; U, Munl.

downstream of the tandem heat-inducible bacteriophage
promoters and ribosome-binding site in the vector. To

overproduce Tus with an N-terminal Met-Hlisig, the 1204-
bp tus" Ndd—EcadRI fragment of pCM847 was inserted
between the corresponding sites in pETMCSIII to give
plasmid pCM862 (Figure 1B).

Mutagenesis of tu$senes coding for mutant proteins were
constructed by PCR using as template pCM847 or a close
derivative of it that containedus that had already been
modified to introduce restriction sites (for facilitation of
generation of further mutations in the core DNA-binding
regions) without changing the protein sequence (i.e., silent
mutations; see Figure 1C). For construction of the mutants
described here, the appropriate codon was altered concomi-
tantly with introduction nearby of further silent mutations
that led to the formation of a restriction endonuclease site.
In general, the ‘3portion of the gene was amplified using a
mutagenic primer (Table 1) and primer 10 (above). When
necessary, thefortion of the gene was amplified separately
using primer 9 (above) and a partially complementary
mutagenic primer (Table 1) that introduced the same restric-
tion site. For all but the Q250A mutation, PCR-generated
fragments were then digested with restriction endonucleases
that cleaved at the introduced site aNdd or EcdRl, as
appropriate, ligated and inserted betweerNdd andEcaRl
sites of pETMCSIII for overexpression of Hitagged
proteins in BL21(DE3). A similar strategy was employed
for Q250A, except that because of the presence of an extra
Mlul site in theNdd —EcaRl (tus) fragment, four fragments
were ligated together: thedd—EcadRl fragment of pET-
MCSIII (4667 bp), the 230-bpwvull —EcaRI fragment from
pAK978 (below), and the PCR-generatddd —Mlul (760
bp) and Mlul—Puwull (215 bp) fragments (Figure 1C).
Nucleotide sequences of all mutanis genes were deter-
mined in their entirety. The plasmids that finally directed
overexpression of HisTus-K89A, Hig-Tus-A173T, His-
Tus-R198A, and HisTus-Q250A were pAK985, pAK981,
pAK978, and pAK984, respectively (Figure 1C).

Purification of Wild-Type TusStrain AN1459/pCM847
was grown toAsgs = 0.5—0.6 at 30°C and induced to express
Tus by a rapid temperature shift to 42, followed by
incubation at this temperature for 2 h. The cellgiird L of
culture (ca8 g, wet weight) were harvested, frozen in liquid
N, and stored at-80 °C. The frozen cells were thawed at
0 °C and suspended in ice-cold lysis buffer (50 mM Tris
HCI, pH 7.6, 10% w/v sucrose, 0.1 M NaCl, 2 mM DTT,
10 mM spermidine€SHCI; 15 mL/g of cells). Lysozyme was
added to a concentration of 0.2 mg/mL, and the suspension
was stirred at OC for 2 h, followed by treatment at 3T
for 4 min before being stirred again in an ice bath for 30
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min. The cell Iys_at_e was cleared by centrifugation, and T_us Table 2: Oligodeoxynucleotides Used in the BIACO RE Stwties
protein was precipitated from the supernatant by the addition

of (NH,);SO4 (0.36 g/mL) over 30 min. The pellet obtained ~ °'~Piotin~ (PRI1o-2mAsThrememmaernne Ters
after centrifugation was dissolved in 4 mL of buffer A (50 .. .. .. (1) commagrracancaracTrar rTers
mM imidazoleHCI, pH 7.4, 1 mM EDTA, 1 mM DTT) and GAAATCAATGTTGTATGAATA-5 '

dialyzed vs buffer A at 4C. The dialysate was loaded ont0 5 -giotin- (pD)10-CTTTAGTTACAACATACTTAT CCrTerB
a column (2.5x 20 cm) of DEAE-Fractogel (Merck) and GAAATCAATGTTGTATGAATACZ3-5'

eluted with a gradient of-©1 M NaCl over 900 mL in buffer 5'-Biotin- (pD)10-AGTTACAACATACT 1drTers

TCAATGTTGTATGA-5"'

5'-Biotin- (pD)19-GCCGTAATAGCAGGTTAAGTG nsl
CGGCATTATCGTCCAATTCAC-5"

A. The native Tus protein eluted from the column at about
0.2 M NacCl. Fractions containing Tus were combined and

exchanged into buffer B (50 mM phosphate, pH 6.8, 50 MM 5. ;o511 (op) ;o-creaaTTGEACGATARTGCC ns2
NaCl, 1 mM DTT, 0.1 mM EDTA) by dialysis. The dialysate CACTTAACCTGCTATTACGGC-5 '

was loaded onto a column (22520 cm) of phosphocellulose  5'-Biotin- (D) 10-ATAAGTATGTTGTAACTARAG ss-TerB
(Whatman P11) and eluted with a gradient of G-:Q505 M 5'-Biotin- (pD) 19-CTTTAGTTACAACATACTTAT SS-rTerB
NaCl in buffer B (500 mL). Tus eluted at about 0.3 M NaCl. s'-Biotin- (pD)10-GCCGTAATAGCAGGTTAAGTG ss-nsl

Protein was precipitated from appropriate fractions with :
(NH:50, (036 g, Folowing centrfugation, the pellt [T Sbere o e s w9 e o e e o
was _d'SSONEd in the minimum volume of buffer B. This phosphate spacer (pl3)to move it away from the surface of the
solution was loaded onto a column (2:6 80 cm) of BIACORE chip.
Sephadex G-50 (Pharmacia) equilibrated in buffer B. Pure
Tus eluted in the void volume. The yield of protein was about the flow cells of a streptavidin-coated BIACORE chip, with
15 mg/L of culture. flow cell no. 1 left unmodified as a control. Tus binding
Purification of His-Tagged Tus ProteinsBL21(DE3) was monitored using a flow rate of 4QL/min. The
strains containing plasmids directing the overproduction of association phase with Tus solutions was monitored & 2
Hiss-tagged Tus proteins were grown at 37 to Asgs ~0.5. min; then binding buffer was applied, and the dissociation
The expression of Tus proteins was induced by the addition phase was followed for 10 min. The surface was regenerated
of IPTG to 1 mM. Cells were harvested after2 h. They using binding buffer containgnl M KCI (over 5 min), which
were lysed, and the proteins were partially purified by gNH led to complete dissociation of the Tu$erB complexes.
SO, precipitation and chromatography on DEAE-Fractogel The oligonucleotides used in this study are shown in Table
as described above. Fractions containing Tus were combined. All biotin moieties were attached at & &nd, and the
and loaded directly onto the phosphocellulose column and (abasic) deoxyribose'$hosphate (pD) units were used as
eluted with a salt gradient as described for the wild-type spacers to ensure that access of Tus to the DNA was not
protein. The Histagged proteins, being more basic, eluted hindered by the streptavidin surface. Most work was done
at high salt concentrations (between 0.9 and 1.05 M NaCl) with a ds-oligonucleotide (labeleBierBin Table 2), a 21-
and required no further purification. The yield of kliBus bp sequence containing tfieerB site. Tus would bind to
and the mutants HisTus-K89A, Hig-Tus-A173T, Hig-Tus- this ligand with its permissive face away from the surface
R198A, and His Tus-Q250A varied between 3 and 4 mg/L  of the BIACORE chip. Five other ds-oligodeoxynucleotides
of culture. While the Histagged proteins could also be were used to examine the effect of DNA structure and
purified by chromatography on chelated Ni(ll) resins, with orientation on binding. A reverseerB (rTerB) was identical
subsequent extensive dialysis against buffers containingto TerB except that when immobilized it exposes the
EDTA, the proteins gave poor ESI mass spectra and behavedeplication blocking (nonpermissive) facECrTerBwas a
inconsistently in the BIACORE studies. The reason for this reverseTerBwhich is identical taTerB except that the DNA
behavior has not been established. has a 5ss-tail of 23 cytosine nucleotides oriented away from
Characterization of Tus ProteinsThe final fractions the surface, antl4rTerBclosely resembled the oligonucleo-
containing Tus protein were exchanged into storage buffer tide used in the TusDNA crystal structure determination
(50 mM TrisHCI, pH 7.5, 100 mM NaCl, 1 mM DTT, 1 ~ (18). It is a shorter, 14-bp oligonucleotide in the same
mM EDTA, 20% wi/v glycerol), concentrated using a vacuum orientation asTerB but missing the first four and last three
dialysis apparatus (Schleicher and Schuell), and store@@t nucleotides. Two other “random” ds-oligonucleotides, which
°C. Tus concentrations were determined from its UV had no resemblance to tHeerB site, were used to assess
absorption spectrum usingsgo = 39 700 Mt cm™ (29). nonspecific DNA binding by Tusnsl and ns?. The
Protein samples for ESI-MS were prepared by diluting the interaction of Tus with ss-DNA was examined using the 5
protein stock to 0.5 mg/mL in water, followed by extensive biotinylated strands oferB(ss-TerB, rTerB (ss-rTerB, and
dialysis against 0.1% formic acid. Mass spectra were nsl (ss-ns). Equilibrium (dissociation constankp) and
collected on a VG Biotech Quattro Il mass spectrometer. kinetic (rate constant&, andky) parameters for the binding
Surface Plasmon Resonance Measuremerte. Tus- of Tus proteins to the d$erB fragments were generally
TerB interaction was studied using a BIACORE 2000 determined in binding buffer containing 250 mM KCI. The
instrument, operated at 2&. Protein solutions were diluted binding of Tus proteins to the two nonspecific ds-DNA
in binding buffer (50 mM TrisHCI, 0.1 mM EDTA, 0.1 mM molecules fislandns? and some ss-DNA fragments was
DTT, 0.005% Nonidet P-20) containing varying concentra- examined in binding buffer containing 100 mM KCI. In most
tions of KCI (100-400 mM), with the pH adjusted to 7.5.  experiments, the binding of the Tus proteins to the oligo-
The general experimental design was to immobilize biotin- nucleotides was measured simultaneously on two surfaces
labeled oligodeoxynucleotides at low levels {4D RU) in which had different levels of DNA immobilized. To test the




Tus—DNA Interactions Biochemistry, Vol. 39, No. 39, 2001993

effect of freeTerB on the rate of dissociation of HiFus
from TerB in binding buffer containing 250 mM KClI, the
BIACORE function COINJECT was used to inject 50 nM WF F T P Y
Hise-Tus for 4 min (association phase), immediately followed e &e' &eé @eé ‘s\eé &°
by 1 uM TerB [without 5-biotin or (pD)o spacer] for 5 min (kDa)
(dissociation phase).

Data Analysis.The data were fitted using the BlAevalu- - gf',
ation software version 3.0.2 (BIACORE AB). Where pos-

& oF o7
A
ré‘-"v' K P

sible,Kp was calculated using both kinetic and equilibrium - > @ @ e @ ®
data. In all cases, the control surface response was a simple —30
refractive index change, and after x-alignment of the curves,

this was subtracted from all binding data before fitting. The —20.1
equilibrium Kp was calculated by fitting the curve of equi-

librium response vs [Tus protein] to a 1:1 binding model. In — 144

most cases, rate constants were calculated by global fitting
of the ass.;OCIatlon. and dI_SSO.CIat.Ion phases of the reSPONS§ 5 re 2: SDS-PAGE of purified Tus proteins. The 15%
curves. Either a simple 1:1 binding model or a 1:1 binding polyacrylamide gel was stained with Coomassie blue. The same
with mass transfer model was used. The latter model wasamount (6.0ug) of each of the proteins was applied to the gel,

only used if it gave a significantly better fit than the simpler after it had been denatured in a loading buffer (pH 6.8) containing

1:1 model. Fits were considered satisfactoryaf< 3. For SDS. The positions of bands of molecular mass marker proteins

experimentally determined parameters, the quoted errors arg'®'¢ as indicated (in kilodaltons).

either the Stan.dard error repo_rted by BlAevaluation (for Table 3: Kinetic and Steady-State Parameters for the 1:1 Interaction
parameters which were determined from one data set) or theys 15 and Its Variants witierBin 250 mM KCE
appropriately propagated errors from multiple data sets. More 10k 1000 kokom Koe T

_detﬂils _I9f [;Te error calculations can be found in the footnotes ¢ protein (s (M-1s) (nM) (M)
In the Tables. wild type 7(2) 7(2) 1.0(0.3) -
Hiss 5(2) 12(4) 05(0.2) -
RESULTS His-K89A 134(4)  12(0.2) 110 (20) 90 (5)
Overproduction, Purification, and Characterization of Tus  Hiss-A173T 700 (100)  0.35(0.06) ~ —*¢ 2000 (2009

: ; ey Hiss-R198A 19 (2) 0.142 (0.004) 130 (10) 192 (3)
Prote|_ns.An enrl_ched source of Wl|d type Tus was generated HiscQ250A 280(40) 1.3 (0.5) 220 (80) 100 (10)
following insertion of the gene into th& promoter vector — :
pND706 to y|e|d p|asm|d pCM847 (Figure 1A), which aIn binding buffer (50 mM TrisHCI, pH 7.5, 0.1 mM EDTA, 0.1

directed th v ind d ducti fth tein t mM DTT, 0.005% Nonidet P-20) at 2%.  The kinetic data for wild
irecte ermally Induced overproduction ol the protein to type and His-Tus were fitted using a 1:1 binding with mass transfer

very high levels (not Shown)- For production of N-terminal model. The kinetic data for the Tus variants were fitted using a 1:1
Hise-tagged Tus, we first constructed pETMCSIII, a new binding model The kinetic and steady-state data collected from at

derivative of the bacteriophage T7 promoter vector pET3c least two different immobilization levels dferB were fitted indepen-

; ; ; ; dently, and the mean was calculated. The errors determined for these
(27) and then insertedus from pCM847 into it to give independent data sets (the standard error from the BlAevaluation

pCMB862 (Figure 1B). PCR was then u;ed to modify tile software) were insignificant relative to the differences between the data
gene to create four separate mutants (Figure 1C) that expressets, so the calculated error (shown in parentheses) is the standard
variant Tus proteins with changes at residues that make site-deviation of the mean. The error d@ka has been propagated from
specific contacts to th&erBbinding site, as revealed in the the associated errors ¢g andk.. ¢ The steady-statip of wild type

and Hig-Tus complexes witfTerBwas too low to be determined (see
crystal structure of the TusTerB complex (8). It was the Results section). The steady-state data for the Tus variants were fitted

purpose of this work to use these variant Tus proteins t0 ysing a 1:1 binding modef. The steady-stati for HissTus-A173T
gain insights into the mechanism of Fu$er interaction. was determined from only one data set, so the error is the standard

A straightforward method was devised for purification of error reported by the BlAevaluation software. The association rate for
Tus, His-Tus, and the HisTus variants, involving gentle this protein was too fast to be measuredkswas calculated from the
lysis of cells from strains expressing the proteins, fraction- Measurécks and the steady-state value kb, and the errors were

- - . propagated appropriately.
ation with ammonium sulfate, and chromatography on
DEAE-Fractogel and phosphocellulose. In comparison with o i
the His-tagged proteins, unmodified Tus eluted at lower  Binding of Tus and Tus Variants to TerBae Tus-TerB
[NaCl] from phosphocellulose, which necessitated a further interaction was studied using a BIACORE 2000 instrument,
gel filtration step. All of the Tus proteins, obtained in yields USing various Sbiotinylated TerB oligonucleotides (Table
of up to 15 mg/L of culture, were judged to be pure by SDS 2) |mmob|_I|zed ona st_reptawdm—c.oated surface. At Io_vv ionic
PAGE analysis (Figure 2). The molecular masses and aminostrength, in accord Wl'gh gxpectatlons_based on t_he literature
acid compositions of the proteins were confirmed by (29), Tus pound guantitatively tﬁerBwﬂh association rates
ESI-MS: for wild-type Tus, calculated 35652, found that were immeasurably fast and dissociation rates that were
35653+ 1 Da: for His-Tus, calculated 36 737, found immeasurably slow. Therefore, to provide meaningful com-
367414+ 3 Da: for His-K89A-Tus, calculated 36 680, found Parisons among the various proteins, most of the measure-
36681+ 1 Da; for His-Tus-A173T, calculated 36 767, Ments reported here were made af25n 50 mM Tris, pH
found 36 768+ 2 Da; for Hig-Tus-R198A, calculated 7.5, containing 250 mM KCI.
36 652, found 36 652 3 Da; for Hig-Tus-Q250A, calcu- The results for the binding of Tus and its variantSerB
lated 36 680, found 36 68& 2 Da. under these conditions are summarized in Table 3. Typical
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Table 4: Effect of KCI Concentration on Kinetic and Steady-State
A Parameters for the 1:1 Interaction of kiBus with TerB

[KCI]  10%$ 106k kefka = KoP Kot

3° Hisg Tus (mM) (s M) (M) (M)
20 250 4.35(0.03) 17.5(0.2) 0.25(0.003) 0.53(0.1)
10 300 5.30(0.01) 2.16(0.01) 2.45 (0.01) 3.1(0.1)
5 350 5.66(0.01) 0.422(0.002) 13.4(0.1) 19
£, 400 7.15(0.01) 0.0922 (0.0003) 77.5(0.6) 71 (5)
§ aIn binding buffer (50 mM TrisHCI, pH 7.5, 0.1 mM EDTA, 0.1
g 40| e B mM DTT, 0.005% Nonidet P-20) at 25. ® The kinetic data at 250
8 st and 300 mM KCI were fitted using a 1:1 binding with mass transfer
model, and the kinetic data at 350 and 400 mM KCI were fitted using
20 Hisg-Tus-R198A a 1:1 binding model. The kinetic data from two different immobilization
levels of TerB were fitted simultaneously, so the errors (shown in
10 parentheses) are the standard errors reported by the BlAevaluation
software. The error itky/ka has been propagated from the associated
0

errors inks andky. © All steady-state data were fitted using a 1:1 binding
model. The data collected from at least two different immobilization
0 150 300 450 600 7%0 levels of TerBwere fitted independently. As the standard errors of these
independent data sets (reported by the BlAevaluation software) were
significant relative to the differences between the data sets, the weighted
mean and standard deviation were calculated using the standard error
as the weights? The steady-statkp at 350 mM KCl was determined
from only one data set, so the error is the standard error reported by
the BlAevaluation software.

time (s)

normalised response

DNA) in all experiments. Within experimental error, the rate
of dissociation of the HisTus—TerB complex was not
6 affected by the presence of excess file®B [without 5-

biotin or (pD)o spacer].
Ficure 3: Selected BIACORE data for the interaction of §is T .
Tus and mutants withiTerB and 14rTerB in 250 mM KCl. The binding parameters for wild-type and kikus were

Experimental and fitted kinetic data for the interaction ofgHisis not distinguishable, witko ~0.5 nM. However, each of
(A) and Hig-Tus-R198A (B) withTerB. The data were fitedto a  the mutations was found to lead to a decreask, iand an

1:1 binding model, including a mass transfer parameter in the caseincrease inky, relative to values for HisTus. The A173T

OLHiSG'TUS’ as shown by the solid Iine?.(F)orlkiT'l\iAJs&bt?g C‘f\;l"e(s) c and R198A substitutions gave rise to a-30-fold decrease
shown are at protein concentrations of (a) 1 nM, nM, (c) 5 . o
nM, (d) 10 nM, (e) 15 nM, and (f) 50 nM. Data collected and fitted in ks, whereas the K89A and Q250A substitutions led to

at [His-Tus] = 20 and 30 nM have been omitted for clarity. For Smaller decreases (10-fold). Conversely, the R198A subsitu-
Hise-Tus-R198A, the curves shown are at protein concentrations tion caused a modest 4-fold increaséjnwhereas the other
of (a) 50 nM, (b) 100 nM, (c) 200 nM, (d) 500 nM, and (e) 1000 substitutions produced a much larger increase-(4D-fold).

nM. Data collected and fitted at [HiSus-R198A]= 30, 75, and i 20800-
150 nM have been omitted for clarity. (C) Steady-state data for The Kp values were thus increased O-fold by the

the interaction of Hig Tus with14rTerB(O) and of Hig-Tus-K89A K89A, R198A, and _QZSOA substitutions and 4000-fold by
(@), Hiss-Tus-A173T (), Hiss-Tus-R198A @), and Hig-Tus- the A173T substitution (Table 3).
Q250A (») with TerB. The fitted data for a 1:1 binding model are  \Within the limits of experimental error, the binding of
e T eaponises have been nermalied U iss Tus and the four varianis WTerf and CCrTerBuas

' indistinguishable from their binding tderB (data not
data used for determination of both the kinetic and thermo- shown). Howeverp for the His-Tus complex witHl4rTerB
dynamic parameters are shown in Figure 3. Values of the was significantly higher than witfierB (see Figure 3C): the
dissociation rate constarkg) could be determined directly ~ kinetically determinedp of the His-Tus—14rTerBcomplex
for all Tus proteins, and values of the association rate was 55+ 1 nM, as determined frork, = (2.07 & 0.03) x
constant k) could be determined for all except Hius- 10° M~t st andky = 0.113+ 0.001 s*. This value was in
A173T, for which the association occurred too rapidly. The good agreement with the value of 336 nM determined
kinetically determinedp (=kgks) could thus be calculated ~from the equilibrium data. The binding of HiJus to
for all proteins except HisTus-A173T. TheKp values were 14rTerBis thus 100-fold weaker than the binding to the 21-
also determined from the equilibrium response for all proteins mer TerB site, due to a 6-fold decrease in the association
except wild-type and HisTus (see Figure 3C), for which rate and a 23-fold increase in the dissociation rate. This
the response of the instrument at the necessary proteinindicates that nucleotides in the compl&terB site beyond
concentrations €1 nM) was too small to be measured those in 14rTerB are required for proper binding. No
accurately. The values &f, calculated from the equilibrium  significant binding of the mutant Tus proteins 1drTerB
and the kinetic data otherwise agreed to within a factor of could be detected under these conditions.
2. This provides a measure of the precision of the various Effect of [KCI] on the TusTerB Interaction.The salt
measurements and reliability of the fit to a 1:1 binding model dependence of binding of HiSus to TerB was examined
and suggests that observed differences greater than 2-foldoy determination oKp, ks, andky from data obtained using
are significant. The stoichiometry of binding at saturation 250-400 mM KCI (Table 4, Figure 4). This increase in
was observed to be between 1.0 and 1.2 mol/mol (protein: [KCI] led to a large increase ip. This is primarily the

7
log,o([Tus], M)
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Table 5: Kinetic and Steady-State Parameters for the 1:1 Interaction
60 of Tus and Its Variants with Single-Stranded and Nonspecific
§ Double-Stranded DNA in 100 mM KE|
§ 40 Tus protein DNA Ko (nM)® 10%q (s7Y)°
s Hise ss-TerB 180 (20) 251 (5)
¢ 20 ss-rTerB 190 (20) 219 (3)
= ss-nsl 300 (40) 226 (2)
o f ! nsl 360 (30) 298 (2)
-10 -9 -8 7 -6 ns2 480 (50) 434 (4)
logyo ([Hisg-Tus], M) Hisg-K89A nsl 530 (80) 576 (8)
ns2 700 (200) 840 (20)
Hiss-A173T nsl 220 (10) 272 (2)
o w ns2 210 (10) 356 (3)
] \\ Hiss-R198A nsl 2700 (2009 —e
g 1ol K (M-1sT) _ ns2 2600 (2009 —e
g | B a Hiss-Q250A nsl 430 (20) 297 (3)
k= o ns2 460 (10) 434 (4)
= 5
= ky(s) . a|n binding buffer (50 mM TrisHCI, pH 7.5, 0.1 mM EDTA, 0.1
il " . " . mM DTT, 0.005% Nonidet P-20) at Z&. ® See Table 2¢ The kinetic
'10_1_4 ' 2 1.0 and steady-state data were fitted using a 1:1 binding model. Data were
In ([KCI], M) only collected for one immobilization level of DNA, so the errors are

o o ) . . the standard errors from the BlAevaluation software, which is why
Ficure 4: Equilibrium and kinetic data for the interaction of kliS  they may appear artificially low! Fitting of the steady-state data (Figure
Tus withTerBat varying concentrations of KCI. (A) Experimental  5) with two parameters gave unrealistic estimates of the response at
points obtained at [KCI}= 250 mM (), 300 mM @), 350 mM high [protein], so data were fitted to a single parametas) (ith the
(a), and 400 mM M). The data were fitted to a 1:1 binding model, maximum response fixed at 170 R&The k values for Hig-Tus-
including a mass transfer parameter for the data at 250 and 300R198A were too high to be determined accurately.
mM KCI, as is shown by the solid lines. The kinetic data (not
shown) gave similar results (see Table 4). (B) Dependence of
Ko (a), ks (@), andky (M) on [KCI]. The plot of InK, against In 200
[KCI] had slopeSKy = —11.24 0.5 andy-intercept= 6.2 + 0.6.
The plots of Ink, and Inky gave slopeSk = —11.1 4+ 0.1 and
y-intercept= 1.3 + 0.1 (for ky) and slopeSk = 1.0 + 0.2 and

y-intercept= —4.1 £ 0.2 (for ky). 150
=
result of slower association rates (200-fold), with the %
dissociation rates showing only a modest increase (2-fold). g 100
For data obtained with the Hi§ us protein, a plot of Ik §

(whereKa = Kp™1) against In [KCI] was linear with slope
SKy = —11.2+ 0.5 (Figure 4B). Similar plots of the rate 50
constants (Figure 4B) gave slop8k = —11.1+ 0.1 and
Sk = 1.0+ 0.2. According to the models of Record et al.
(30), where the number of cations displaced on binding of a o
protein to ds-DNA is predicted aSK./0.88, these data :
suggest that 13 cations are displaced on binding of-His
Tus to TerB. This may be correlated with the number of Ficure 5: Equilibrium data for the interaction of HiFus (1),
ionic contacts made between the protein and the DNA. An Hise-Tus-K89A @), Hiss-Tus-A173T (J), Hiss-Tus-R198A W),
analysis of the crystal structure of the FuEerB complex ~ and Hig-Tus-Q250A §) with ns], in 100 mM KCI. The fitted

. . R data for a 1:1 binding model are shown as a solid line. The data
(18, 31 suggests that 'th.ere are eight direct ionic contacts .o iected forns2were very similar (not shown).
between lysine or arginine residues and DNA phosphate
groups and probably another two that are water mediated.5—8-fold increase ifKp due to nonspecific interactions thus
There are also four probable ionic contacts between pro-accounts for a substantial portion of the effect of the R198A
tonated histidine residues and DNA phosphates, giving a totalmutation on binding torerB (in 250 mM KCI; Table 3).

log,o([Tus], M)

of 14 probable ionic contacts. Although the difference in salt concentration required for
Nonspecific DNA Binding by Tughe equilibriumKp and the specific and nonspecific binding measurements makes
values ofky for complexes of the Tus proteins witls1, ns2 direct comparisons difficult, it is possible to extrapolate the

ss-TerBss-rTerB andss-ns1(Table 2) in buffer containing  salt dependence data to 100 mM KCI. This extrapolation
100 mM KCl are listed in Table 5, and some representative suggests that thip for the His-Tus complex withTerB at
data are shown in Figure 5. For all proteins the valuelg,of 100 mM KCl is lower than 1x 102 M, with a k, that is
were too high to be determined directly. Itis clear thatHis  diffusion limited (> 10> M~1s™1) and aky of the order of 103
Tus binds with similarly low affinity to two different ds- s*. As theKp for Hise-Tus binding to nonspecific DNA
DNA sequences that are unrelatedTierB and also to ss-  sequences in 100 mM KCI is about 300 nM (Table 5), the
DNA fragments regardless of whether their sequences areKp for the specific binding is at least 1@mes lower. This
related toTerBor not. Furthermore, the K89A, A173T, and is in broad agreement with the results of Guajardo and Sousa
Q250A substitutions have no significant effect on isis (32, who used nitrocellulose filter binding assays to
binding tonslandns2 However, the R198A substitution  determine that th&p for the binding of Tus to DNA lacking
does decrease the strength of the nonspecific interaction. Thea Ter site is 1@ times higher than binding to &er site (in
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C-domain

Permissive face

FiGure 6: Structure of the TusTer complex (8). The position

of the four mutated residues and the orientation of the permissive
and nonpermissive faces of the complex are shown. The four
p-strands of the central DNA-binding domain wind around the back
of the DNA helix, in the major groove, between the two domains.
The rings indicate the (pstrands which pass through the central
channel of the approaching DnaB helicase.

40 mM Tris, pH 7.9, 6 mM MgCl, 2 mM spermidine, 10
mM NaCl, 10 mM DTT, and 5% glycerol).

DISCUSSION

Neylon et al.

arrest is, how is it that a replisome approaching the-Tus
TerB complex from only one direction (the permissive
direction; see Figure 6) actively promotes the release of Tus?
The answer will lie in the essential difference between the
faces of the DNA-Tus complex that makes one permissive
and one nonpermissive for the passage of replisomes. This
raises other more specific questions. For example, does Tus
interact with other proteins of thE. coli replisome at the
replication fork? If so, does it interact only when both, or
one or the other, are bound to the DNA? Does Tus engineer
a structure in the DNA surrounding the binding site or,
conversely, can the replisome engineer a DNA structure that
leads to rapid dissociation of Tus? What is the solution
structure of the uncomplexed protein and how does it relate
to the DNA-bound structure? How dynamic is the bound
structure?

Our immediate concern in this work was to examine the
roles of particular sequence-specific DNA-binding residues
of Tus located outside the core binding domain on the
specificity and avidity of DNA binding, anticipating that the
results might also comment directly on some of the other
more general questions. Detailed kinetic and thermodynamic
data, when related to clues derived from the crystal structure,
should help to define how dynamic the protelDNA
complex is and what effect this has on anti-helicase activity.

These results show that surface plasmon resonance catEvidence for or against structures engineered by Tus in the
conveniently be used to determine the thermodynamic andDNA or interactions with other replication proteins will

kinetic parameters for the binding of Tus to various DNA

contribute to the ongoing debate on the role of these

substrates. Our results cannot be compared directly withprocesses in replication arrest, as would determination of the

previous studies of the TusTer interaction, due to the
necessity of using 250 mM KClI in the binding buffer to bring

structure of the free protein.
The four amino acid residues of Tus that we examined by

the equilibrium and rate parameters into a measurable rangemutagenesis are evenly distributed between the geographical
Nevertheless, where comparisons are possible, the relativeextremes of the proteinDNA complex. When the complex
values obtained by different methods are in good agreementis viewed as in Figure 6, R198 is at the top of the C-domain

For example, our observation of a 4000-fold increase in the
Kp of the complex as a result of the A173T mutation indis
Tus (Table 3) is in good agreement with previously published
studies of the effect of the A173T substitution, which
reported a 4000-fold increasek in 50 mM TrisHCI, pH

7.5, and 200 mM potassium glutamat®), The Tus complex
with TerBis not easily dissociated, with a salt concentration
of 250 mM being required to increase {g to 0.5 nM (Table

3). Extrapolation of the data to [KCH 150 mM (Figure
4B) gives values of about & 1072 M for Kp and 5x 10°
M~1 s1 for the association rate constdat The high value

and is largely responsible for holding the C-domain against
the Ter site at the nonpermissive (helicase-blocking) end of
the complex. Residue K89 is at the top and Q250 is at the
bottom of the complex, both in the larger N-domain. A173
is in the center of the complex in the cgfestrand DNA-
binding domain.

Substitutions at K89, A173, and Q250 had no significant
effect on (nonspecific) Tus binding to oligonucleotides that
do not resembl@erB (Table 5) This shows that the effect
of these substitutions is limited to the sequence-specific
interactions between Tus afférB, which confirms that in

for ka suggests that the rate of the association process wouldsolution the side chains of these residues make sequence-

be diffusion limited under these conditions. By way of
comparison, Gottleib et al9) reported a value for th&p
of 0.34 x 107> M and a diffusion-limited association rate

specific contacts with boun@ierBDNA, as observed in the
crystal structure 18). The effect of each of the K89A,
A173T, and Q250A substitutions is to incredég of the

constant in 150 mM potasssium glutamate, pH 7.5. The factor Tus—TerB complexes by about-23 orders of magnitude

of 3 difference inKp between results obtained in buffers
containing glutamate instead of chloride is likely due to the
glutamate ion, which is known to promote binding0y,
presumably in this case by failing to increase the dissociation
rate as much as does KClI.

Despite knowledge of the crystal structure of the Fus
TerBcomplex (8), there are unresolved questions concern-
ing both the mechanism of DNA binding by Tus and how
this leads to polar replication fork arrest. Although we

(Table 3). This comes about as a result of a greater increase
in kg than decrease ik, This suggests that these residues,
two of which are located in the N-domain of Tus and the
other in the core DNA-binding region (Figure 6), may play
a greater role in maintaining the complex than in the process
of complex formation.

Conversely, the R198A substitution (in the C-domain) has
effects that are quite different, and this difference is likely
to have significant implications for the role of R198 in fork

concentrate in this work on the former process, the resultsarrest, as described later. The effect of the mutation is largely

are likely to have implications for understanding of the latter.
The fundamental question in regard to polar replication fork

onk,, which decreases 80-fold whikg increases only 4-fold.
This suggests that R198 is involved in a rate-determining
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step in complex formation. The effect of the modification
on the nonspecific interaction is also large (Table 5), with

ks now increased enough to make it unmeasurable. In fact,

the effect on nonspecific binding, which presumably reflects
electrostatic interaction of R198 with DNA phosphates,
accounts for a substantial fraction of the increas&drfor

the interaction withTerB. Arginine-198 is the only residue
modified in this study that has (water-mediated) interactions
with the backbone of th&er DNA in the crystal structure,

in addition to its forming specific hydrogen bonds3) with
adjacent adenine and guanine bases [A5 and G6 ifi¢h8
nucleotide numbering system of Coskun-Ari and HEBJ,
which will be used throughout this discussion]. Although
substitutions of the GC6 base pairTierB cause only small
changes in the ability of wild-type Tus to bind in vitro, they
have significant negative effects on the efficiency of replica-
tion fork arrest, and GC6 is conserved in all knoWer sites
(33).

The weaker binding of Tus to the smaller 14-bp oligo-
nucleotidel4rTerBprovides some additional clues about the
structure of the complex in solution. The increadég
suggests that the complex with thérTerBis lacking a series
of interactions that occur with the 21-AperB. Modeling of
a longer DNA fragment into the crystal structure, which was
determined with a similaferBfragment (a 14-berBwith

Biochemistry, Vol. 39, No. 39, 2001997

diffusion limit of 10° M~ s7* for proteins binding to small
DNA molecules 80). This is almost entirely due to a very
strongdependence of the association rate on salt concentra-
tion (Figure 4B). Given that our DNA ligands comprise only
theTerBsite, these data suggest that a protein conformational
change takes pla@dter Tus first associates witherB, when

it is presumably bound nonspecifically.

There is no physical datum that compares the structure of
Tus when bound nonspecifically with that in the complex
with TerB. There is some evidence for a difference between
free Tus and Tus in the latter complex. Comparison of the
secondary structure content of Tus predicted by CD spec-
troscopy 86) with that observed in the crystal structure of
the complex suggests that in solution the two helical domains
are intact but the interdomajfrsheets may be disordered.
This raises the possibility that the-sheets only become
structured on DNA binding. This would not be unusual
insofar as there are other known examples of DNA-binding
proteins where DNA-induced protein folding contributes to
the specificity of the interaction3{, 38). Moreover, the
C-domain in the crystal structure is made up of little more
than two antiparallel helices (see Figure 6). We considered
the possibility that it might not comprise a stably folded unit
in the absence of stabilizing interactions withrB. However,
in NMR experiments with free Tus, we saw no evidence to

S'-unpaired thymidines), suggests that postulated interactionsindicate that large sections of the protein were unusually

between W243 and Q248 and base pairs TA18 to AB3] (
have been eliminated. The increas&indue to the absence

of these nucleotides is at least 2-fold smaller than observed

for any of the mutant proteins. This is consistent with the
relatively small changes in binding free energy seen on
substitution of the nucleotides at these positiod3).(The
results withl4rTerBtherefore support the existence of the
proposed interactions at the bottom of the comp&S3) put

indicate that they are not major determinants of sequence-

specific DNA recognition by Tus.

Having discussed these details, we will now develop a
model for the mechanism of the Tu$er binding process.
It was noted by Kamada et al. in their report of the crystal
structure of the TusTerBcomplex (L8) that it is not possible

for steric reasons for Tus to dissociate from (and, thus, to

associate with)TerB without undergoing conformational

flexible 2

On the basis of the evidence from the specific and
nonspecific binding of Tus and the variants to varidesB
molecules and the salt dependence of the interaction, we can
propose a model zipper-like mechanism for the process of
interaction of Tus withTerB DNA involving an ordered
series of events. The salt dependenck,@ind the observa-
tion that Tus can bind nonspecifically to DNA with reason-
able affinity makes it reasonable to assume that the first step
in binding involves nonspecific interaction between Tus and
the DNA, either atTerB or at other sites on a long DNA
molecule. As the R198A mutation has a large effect on
nonspecific binding, it seems likely that R198 and some other
basic residues play important roles in this process. On long
DNA molecules the nonspecifically bound protein would
then scan along the DNA, searching foTer site 39, 40).

changes. The evidence gathered in this work and reportedry,o gnecific recognition of theer site is then controlled by

studies of effects aofus mutations {8—20) and substitution
of nucleotides inTer sites 83—35) on DNA binding and
replication fork arrest suggest to us that Tus binding¢oB

involves an ordered series of events that involve structural

changes in the protein.
Record 80) proposes that the magnitude of the association

another series of residues, primarily in the N-domain and
including K89 and Q250. The process of specific binding
would then ensue first by DNA-directed rearrangement of
the interdomaing-strands that make up the core binding
domain and establishment of strong sequence-specific con-
tacts. Among the residues involved here is A173, which

rate constant and its dependence on salt concentration provide, ;xes a very large contribution to the specificity of binding.

some information about the binding mechanism. A diffusion- 15 step would then be followed by closure of the C-domain
limited association rate which has little or no dependence 44t the DNA. During this process, the DNA helix is

on salt concentration suggests a process that is diffusionyatormed and bent. as observed in the crystal structife (

controlled; an association rate that is less than the diffusion

limit and has little to no dependence on salt concentration

suggests that there are orientational restrictions for the
collision complex; and an association rate that is less than

the diffusion-controlled rate and which shows a significant

dependence on salt concentration suggests that intermediate

are important after the elementary diffusional collision step
(30). For His-Tus binding toTerB in 250 mM KCl, the
measuredk, of 1.2 x 10’ Mt s 1is lower than the estimated

Like a zipper, the termination activity of the TuSer
complex has polarity. A helicase approaching the complex
must actively remove Tus from the DNA in order to pass
through theTer site. Removing the protein requires the
rdered reversal of some, at least, of the events that took
place during binding. While the Tusl'er complex appears

2G. Otting, S. E. Brown, and N. E. Dixon, unpublished results.



11998 Biochemistry, Vol. 39, No. 39, 2000

Neylon et al.

to be capable of blocking the action of various helicases in face, there are no ionic interactions with basic residues of

in vitro strand separation assayg, (10—17) and RNA
polymerase in transcriptioi3®), the block is often inefficient

Tus with nucleotides on the€ 3trand until the 5phosphate
of C10, although K89 makes specific contact with the base

in such assays, and the polarity is often weak. For example,of T8 (and also T9 on the'5strand). Nevertheless, the
in contrast to the polar block on the progress of the replisome, structure is closed in the region surrounding thestBand,

entrance of RNA polymerase into a Fti$er site promotes
the dissociation of Tus from the DNA, regardless of the

so there are more severe steric impediments to helicase-
driven displacement of the' 3trand than there are at the

direction from which the polymerase approaches. In this case,permissive face. This could be alleviated by the opening of
the rebinding of Tus on a time scale faster than reinitiation the C-domain, but this would require loss of the interaction
of translocation of the polymerase is required to prevent of DNA with R198. These arguments notwithstanding, the

further transcription, thus making the block a dynamically
controlled process3Q).

simplest explanation for the fork-blocking activity of the
nonpermissive face of the complex is a kinetic one, that the

Thus, there are good reasons at the moment for restrictingTus—Ter complex partially enters the channel of the ap-

discussion of the basis for polar replication fork arrest to
the specific situation for which the termination system
evolved, that ofE. coli replisomes approaching the Fus

Tercomplex from either direction. The replisomal component
likely to make first contact with the complex is the hexameric

proaching helicase and that this physically prevents the
opening of the C-domain, which would in this situation be
the first and necessary step in dissociation of the—Tier
complex.

This model provides an explanation for the polarity of

replicative helicase DnaB, whose atomic structure and termination without needing to invoke specific protein

mechanism of action remain to be elucidated. A low-

protein interactions. In this respect, it builds on that advanced

resolution model of the DnaB hexamer based on cryoelectronby Kamada et al.18), who proposed that the polarity of the

microscopy 41) shows that the six subunits are arranged in

termination results from the inherent asymmetry of theTus

a ring that has 3-fold symmetry, with a central channel about Ter interaction. While there has been one reference to

30—40 A in diameter. The DNA (5 strand on which the
helicase moves in the 5o 3 direction passes through the
channel (marked in Figure 6), while the othef)(&rand is
excluded 42). By analogy with information derived from
the structure of the bacteriophage T7 hexameric helietge (

unpublished results that show a specific protginotein
interaction between Tus and DnadBY, we have been unable
to detect interaction under a variety of conditions in
sedimentation velocity experiments using purified DnaB and
Tus (in the absence of DNA&)Further work is required to

actual strand separation by DnaB is likely to occur at the probe the existence of specific interactions that occur only
face of the helicase, some distance from the site(s) in thewhen both (or one or the other) of the proteins are bound to
central part of the channel where ATP hydrolysis drives its DNA.

translocation in the '5to 3 direction on the 5strand. The
Tus—TerB complex could thus make intimate, but not

ConclusionThese results demonstrate the ease with which
the BIACORE instrument can provide a large amount of

necessarily specific, contact with the oncoming face of the information on the DNA-binding activity of a protein. The
helicase, but it would be unable to pass through, not only association and dissociation rate constants as well as the
because of its size and shape but also because of the positioequilibrium dissociation constant can be measured simulta-

of the 3 strand.
It has been noted previously (see Figure 5 of38ffor

neously. The parallel nature of the chip system allows the
determination of binding to several different DNA molecules

example) that Tus makes no phosphodiester backbonesimultaneously, or alternatively, the same DNA molecule can
contacts whatsoever with the first eight residues of the be examined with different surface loadings to improve the

exposed 3strand of TerB at the permissive end of the
complex (8). It seems likely that this strand would progres-

quality of the data and check for the presence of experimental
artifacts. The salt concentration can be varied to find

sively and quite easily be displaced from the complex as a conditions under which proteins with binding constants
result of strand separation by DnaB approaching the permis-differing by as much as 4000-fold can be examined
sive face, with consequent disruption of the specific base simultaneously. The dependence of the binding on environ-
contacts with residues at the bottom of the N-domain (first mental factors such as salt can also provide insight into the
W243 and Q248, followed by Q250, Q252, and residues in thermodynamics of the interaction. However, it is still critical

the core DNA-binding region). Destabilization of the core
binding region would then lead to rapid dissociation of Tus.

to ensure that the data collected are of a high standard by
performing experiments under conditions which prevent

Detailed examination of the crystal structure shows that R288 common BIACORE artifacts. These include avoiding surface

is unlikely to interact with nucleotides T18, A19, and/or A20
(on the 3 strand) while they remain base paired but would
be well situated to do so following strand separatid)(
This raises the intriguing possibility that Tus may have itself
evolved to assist the helicase in removing it from the
permissive end of the complex.

Residue R198 is likely to have a key role in helicase-

heterogeneity by immobilizing the DNA specifically (e.g.,
by a biotin label) and minimizing mass transfer artifacts by
immobilizing the DNA at low levels, using a high flow rate,
and comparing data from at least two different levels of
immobilization 1). The determination dfp by both kinetic

and equilibrium methods confirms the model used for data
analysis. In comparison to some commonly used methods

blocking when DnaB approaches from the nonpermissive endto study the binding of proteins to DNA, including filter

of the complex. The major interaction of R198 wikkrBis

a water-mediated ionic interaction with a backborie 5
phosphate of G6 on thé Strand near the top of the complex
(Figure 6). In a situation similar to that at the permissive

binding assays, footprinting, gel mobility shift assays,

3J. A. Wilce, S. E. Brown, C. S. Miles, and N. E. Dixon, unpublished
data.
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equilibrium dialysis, calorimetry, chromatography, and spec- 17.
troscopic techniques such as fluorescence and NKBR (
surface plasmon resonance provides a flexible method whic
can measure a very wide range of both kinetic and g
thermodynamic parameters under a variety of solution
conditions.
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