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ABSTRACT. Optical waveguide mode spectroscopy was used to determine the binding constants character-
izing the interaction oEcdR124ll, a type IC restriction modification enzyme fr@almonella typhimurium

with DNA. The DNA is immobilized on the surface of an optical waveguide, and the enzyme is introduced
in bulk solution flowing over the DNA under controlled hydrodynamic conditions. The binding kinetics

of the protein to the DNA can be directly observed and the number of bound protein molecules per base
pair determined to a high accuracy. Dissociation of the protein was measured by switching flowing protein
to protein-free buffer. Binding to two different kinds of DNA, with and without the specific sequence
recognized byEcoR124ll, was investigated. Protein binding and dissociation (“nonspecific” binding),
guantified by association and dissociation rate coefficigpndky, were the same for both types, but

the DNA carrying the recognition site showed an additional process, “irreversible” association (i.e.
dissociation was not observed on the time scale of the experiments) of the protein, quantified by a rate
coefficientks. Some inferences regarding the mechanism of base pair searching are made from the measured
ka, kg, andks values.

The binding of proteins to DNA lies at the heart of the rate constants to gain insight into the molecular details of
regulation of life, from the earliest stages of development to the process. Previous work has been based on techniques
the constant adjustment of protein expression to environ- such as nitrocellulose filter binding (Riggs et al., 1970),
mental demands. The accurate and reliable determinationcentrifugation (Gilbert & Mueller-Hill, 1967), and gel
of the physicochemical binding parameters is a key step in retardation assays (Garner & Revzin, 1981; Fried & Crothers,
understanding the mechanism of this regulation. In a binding 1981), electron microscopy (Dodson & Echols, 1991),
process involving a DNA molecule thousands of base pairs footprinting (Galas & Schmitz, 1978; Brenowitz et al., 1986),
long, a given protein binds to one specific sequence which cross-linking protein to DNA (Hockensmith et al., 1991),
may comprise at most a few tens of base pairs (bp). and methods which rely on a change of some spectroscopic
Whatever the details, the binding process must thereforeproperty of either DNA or the protein upon complex
comprise two distinct steps, which we may call respectively formation (Lohman & Bujalowski, 1991). With these assays,
search and recognition: (i) general, low-affinity binding at it is often not convenient to observe dissociation of protein
randomly selected sites to bring the protein into contact with from the DNA. Dissociation rate coefficients may be
the DNA and (ii) high-affinity binding to the specific  calculated as the quotient of the directly measured association
sequence (sometimes called the “recognition sequence”). Inrate coefficient and the measured equilibrium coefficient, but
the absence of long range forces steering the protein to itScare must be taken to ensure that, for the equilibrium
recognition sequence, it must be presumed that the proteinmeasurement, the system really is at equilibrium. Equilibra-

first associates with DNA at a randomly selected site. A tion times may be lengthy, and this is not always a trivial
major controversial issue is whether the protein then quickly requirement.

dissociates from any sequence other than the recognition one
leaving it free to diffuse further in the bulk solution and try
another sequence, or whether it diffuses (“tracks”) along the
DNA chain until it encounters the recognition sequence
(Winter et al., 1981; Berg et al., 1982).

" To overcome some of these difficulties, various optical
methods have recently appeared in the literature (Ramsden,
1994). The most popular of these so far seems to be surface
plasmon resonance (Ramsden, 1994). However, surface
d plasmon resonance (SPR)ffers from the disadvantage of

In this work, our aim is to measure the binding an only measuring one optical parameter, whereas to define the
dissociation kinetics more precisely and comprehensively y 9 P P ’ :
absolute number of bound molecules, two optical parameters

than hitherto, in order to assess whether the pathway to the re necessary (Ramsden. 1994). Moreover. most applications
recognition sequence can be determined on the basis of ry ( sgen, )- ver, most applicall

kinetic data alone, and to use the values of the measure f S_PR to b'_OIOQ'CaI system_s appear to require that the
inding reaction take place in a dextran matrix (e.g. the

'S red by the G sion for the P i ¢ Scientifi Pharmacia Biacore system). Due to the strong perturbations
upporte Yy e Commission for e rPromotion O clentific : : :
Research, Berne (J.J.R.), and the Swiss National Science Foundatiorplc the qhem'cal potentials Of_ reactants and products in such
(T. A. Bickle). a matrix (Laurent, 1995; Lindner & Ralston, 1995), the
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measured binding constants could be 1 or more orders of Protein Purification Purification of EcoR124ll was
magnitude greater than the true values. monitored by Western blot analysis (Towbin et al., 1979)
Hence, we have chosen 0ptica| Waveguide mode Spec-Of column fractions using antibodies raised agaErtsR124I
troscopy (OWMS) in order to accurately measure the binding €nzyme. E. coli WA921 cells (Wood, 1966) containing
and dissociation of small numbers of molecules to the DNA PUNG30 (Firman et al., 1985) (expressiBgoR124l1) were
without labeling or other perturbing influences. The principle grown to the stationary phase in Luria broth (LB) supple-
of the method is that the binding of proteins to a conforma- mented with 200ug/mL ampicillin at 37°C in a 20 L
tionally flexible DNA layer immobilized at the surface of ~fermenter. All the following steps were carried out &Gl
an optical waveguide without the use of dextran perturbs A 20 g batch of the cell paste was resuspended in 30 mL of
the evanescent field of light modes guided in the optical buffer A [20 mM Tris-HCI (pH 8.0), 50 mM NaCl, 5 mM
waveguide (Ramsden, 1993). The number of bound mol- MgClz, and 7 mM 2-mercaptoethanol] and broken by two
ecules is determined from the measurement of the effectivepassages through a French press cell at 20 000 psi. The
refractive indices characterizing at least two modes. OWMS extract was clarified by low-speed centrifugation (Sorvall
has the further advantage of being inherently 1 order of SS34 rotor; 12 000 rpm; 20 min) and subsequent high-speed
magnitude more sensitive than SPR (Lukosz, 1993). centrifugation (International Centrifuge A-237 rotor; 38 000
Specifically, we have investigated the DNA binding of PM; 2 h). The nucleic acids were precipitated by making
EcoR124l1, a type IC restriction modification system (R/M) e supernatant up to 0.4 M NaCl and adding neutralized

from Salmonella typhimurium(Meynell & Datta, 1966 polye_thyle_neimine up to 0.4%. After another low-speed
Firman et al., 1983: Glover et al., 1983). Type | R/M centrifugation (as above), the proteins in the supernatant were

systems show several enzymatic activities, nameh-N precipitated in 70% saturated ammonium sulfate, redissolved

methylation, DNA cleavage, ATP hydrolysis, and possibly N 20 mL of buffer B [20 mM Tris-HCI (pH 8.0), 50 mM
helicase activity [reviewed in Bickle (1993) and Gorbalenya NaCl, 0.5 mM EDTA, and 7 mM 2-mercaptoethanol], and
and Koonin (1991)]. EcoR1241l methylates its recognition dialyzed against the same buffer. The proteins were loaded
sequence GAA(NRTCG (N= any nucleotide, R= either onto a 70 mL DEAE-Sephacel (Pharmacia) column, washed
purine) at specific adenines in both DNA strands (Price et With buffer B, and eluted with a 50 to 500 mM NaCl
al., 1987a). The methylation state of the recognition graqlent. Fractions containing enzyme were pooled, dlaly;ed
sequence determines what events follow binding of the 29ainst buffer B, and loaded onto an 18 mL heparin-
protein to that sequence [reviewed in Bickle (1993)]; in the Sepharose (Pharmacia) column. After the column was
case ofEcaR124ll, nonmethylated DNA is cut randomly at washed with buffer B, elution was carried out with a 50 to

distances up to several thousand base pairs away from the:000 MM NaCl gradient. The pooled enzyme-containing
recognition site, provided that the cofactdBsadenosyl- fractions were further purified and desalted with a Superose

methionine (AdoMet), Mg, and ATP are present. Hemi- © HR 30/10 FPLC column (Pharmacia), applied to a 9 mL
methylated DNA (which occurs after DNA replication) is Affi-Gel Blue column (Bio-Rad), and eluted with a 50 to

methylated in the second strand; Mgand AdoMet are 1000 mM NacCl gradlent._ Enzymg-contalnlng_fractlons_were
required as cofactors. Fully methylated DNA is not a pooled, concentrated with Centrikon-30 devices (Amicon),

substrate, and the enzyme complex dissociates from it (Price?nd stored at=20 °C [modified from Bickle and Streiff
et al., 1987b).In uitro, if no ATP is available, both DNA ~ (1983) and Gubler and Bickle (1991)].

strands are methylated. In our experiments, DNA which Protein Characterlzqtlon The concentration was deter-
either lacks any specific recognition site (nonspecific DNA) Mined by dabsyl chloride amino acid analysis. In order to

or has nonmethylated sites was used. ATP was omitted indetermine a suitable concentration range for the binding
order to exclude restriction and retain methylation activity Measurements, we estimated eoR124ll concentration

only. in the cytoplasm. From 20 L of culture, we obtaineck?7

Before the protein binds to the recognition sequence and 1]98 ce_lfl's/&nL, f{o'm Wr'ih we Werle ablle to extrafcggslﬁbmg
initiates activity, however, an even more elementary (relative ?higucrtl):(raesp:)(:wglsn.to ;n Ig\g/]earlam(e) ?)?u4gz)rrr11’?(§lse§ules or %ell
to the enzymatic activity) process has to have occurred: However iﬁ our culture, the ?otein is translated frOE’i—15 .
unselective binding to any sequence, which releases the20 o £ th | ’ t P in BUNG30). wh .
enzyme complex if it imotthe specific recognition sequence. copies of the relevant genes (in p ), whereas in

Understanding how the search efficiency can be optimized wild type E. .COI." there are only a few CcopIes of these genes.
is a major goal of this work. If the protein is overexpressed 10-fold in the culture, we

expect 46-50 molecules oEcoR124ll in a wild type cell.
MATERIALS AND METHODS Microscopic examination showed the cells to have an average
volume of about 0.8um?3 the protein concentration is

Plasmids pEKU60 was constructed by digestion of therefore about 100 nM. Hence, stock solutions (ca. 2 mg/
pBR322 (Watson, 1988) withlindlll and Aval, followed mL) were diluted (immediately before each experiment) to
by blunt-ending and religation of the 2.971-kilobase (kb) a concentration of around 20y/mL, equivalent to 5660
vector DNA. This procedure removed the single specific nM (depending on the actual stoichiometry of the comf)lex
EcoR124lII recognition site of pBR322 at position 1377  The diffusion coefficienD of the protein was estimated as
1390 (Kulik 1995). Both plasmids were propagated in the (2.8 + 0.4) x 1077 cn/s using the 10S-1 instrument (see
Escherichia coliK12 strain DH% (Woodcock et al., 1989)
and purified by the Qiagen plasmid purification protocol  3EcdRr124ll is composed of three types of subunits, M, S, and R,
(Qiagen Inc.).They were phenol extracted and ethanol " TOCUar Hesecs o 5 53, and 16 (D, especivel (e
precipitated to remove any residual proteins (Maniatis et al., p is probably 1 or 2.n = 2 yields a molecular masd, = 385 kDa;
1989). pBR322 has 4361 base pairs, and pEKU60 has 2971the mass of one protein molecule= 0.64 x 10712 ug.
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Optical Assay below) as described elsewhere (J. J. Ramsden(pH 8.0), 10 mM MgSQ@, and 200 mM potassium glutamate]
in preparation). for 3—4 h. This composition was motivated by the idea that
Optical Assay Planar Si(Ti)Q optical waveguides in-  potassium glutamate is the principal osmolyte inEarcoli
corporating a grating coupler (grating constant= 433.33 cell (Richey et al., 1987). We found that 200 mM potassium
nm) were obtained from Artificial Sensing Instruments, glutamate was an optimum concentration at which no
Zurich, Switzerland (type 1400), and used without pretreat- nonspecifically boundEcoRr124ll was left after the washing
ment. They were mounted in an 10S-1 integrated optics step; higher salt concentrations resulted in no protein at all
scanner (Artificial Sensing Instruments;rifth), with which being bound, and at lower concentrations, even the nonspe-
the effective refractive indicddre andNny of the waveguide  cific binding became irreversible. The waveguide was then
could be measured to a precisiorde? x 1075 10 adsorbed  replaced in the instrument, and a small flow-through cuvette
proteins per square micrometer would increBlsky about of tubular cross section was sealed over the grating region,
5 x 108 The measurement aperture was defined by the again such that the waveguide formed one wall of the cuvette.
diameter (0.8 mm) of the external beam (Hée laser, Solutions were drawn through the cuvette by a downstream
wavelengthl = 632.82 nm) used to excite the guided modes peristaltic pump. After a base line was established with
via the grating coupler (Tiefenthaler & Lukosz, 1989; Mg200 buffer, protein freshly diluted with Mg200 to a
Tiefenthaler, 1992; Ramsden, 1993). The temperature wasconcentratiort, of 22 ug/mL and mixed with freshly diluted
stabilized at 25.2+ 0.5 °C by enclosing the entire instru- 4.7 uM AdoMet flowed through the cuvette at a precisely
mentation in a thermostated cabinet and monitored continu-monitored rate. In order to determine the rate of dissociation,
ously by a Pt-100 resistance thermometer embedded in thethe flow through the cuvette was later switched back to pure
measuring head close to the grating. Mg200 buffer. All experiments were carried out in the
Immobilization of DNA Preliminary experiments showed absence of ATP in order to restrict the observable events to
that DNA did not adsorb onto untreated Si(Ti@aveguides, binding, recognition, and dissociation.
probably because both waveguides and DNA are strongly Data Evaluation Prior to DNA deposition, the waveguide
negatively charged at pH 8. Hence, a novel method recentlyis constituted from three layers, the support S of optical glass
reported by Lvov et al. (1993) was used to immobilize a (refractive indexns = 1.531 51), the high-refractive index
layer of DNA onto the waveguide surface. First, a layer of waveguiding layer F [Si(Ti)@+ polyallylamine] of thick-
the polycation polyallylamine was deposited onto the nessdr (180 nm) and refractive index:= (~1.8), and the
waveguide by placing a 150L drop of polyallylamine cover medium (buffer) C of refractive index. nc andns
hydrochloride (Aldrich, “high molecular weight”), dissolved are knowrt, but n: anddr differ slightly from waveguide to
at a concentration of 0.01 M with respect to monomer in 2 waveguide. These parameters were determined from the
M NaBr, over the grating coupler region of the waveguide effective refractive indices of the zeroth order transverse
and allowing it to stand for 20 min in a covered petri dish. electric and transverse magnetic modége and Nmy,
This procedure results in a positively charged layer about 1 respectively, measured for the base line by solving the three-
nm thick on the waveguide (Ramsden et al., 1995a,b). layer mode equations (Tiefenthaler & Lukosz, 1989yhe
Following rinsing with TE buffer [10 mM Tris-HCI (pH 8.0)  deposited DNA constitutes a fourth layer designated A
and 1 mM EDTA], the waveguide was placed in the I0S-1 (denoting adlayer); the surface loadifigof the DNA is
instrument and a small cylindrical cuvette sealed over the defined by two parameters, refractive indexand thickness
grating region, the waveguide forming the bottom of the da, according to de Feijter et al. (1978):
cuvette. The cuvette was first filled with TE buffer, and as
soon as the base line signal was seen to be stable, the buffer I' = d,(n, — ng)/(dn/dc) 1)
was replaced by 200L of DNA solution freshly diluted to
a concentration of 2Bg/mL. This solution was periodically
(typically every 26-30 min) agitated by gently sucking and
2);5;'229312 Q;tl(; r?:cotpeeSl?llxt\llxc/)z?stggeir?g“&?():iqtehd?e?/lgr?t;?fer linearized four-layer mode equations (Tiefenthaler & Lukosz,
agitation. In general, we could deposit about gdicn?;
since the cuvette has a diameter of 1 cm, about 80 ng of
DNA was deposited (i.e. our DNA solution essentially ==(n?_ — N33
suffered no depletion and could be reused). The resulting

1989; Ramsden, 1993, 1994):
DNA layer is about 3.3 nm thick (Lvov et al., 1993). From
i ’ ! . n\2e [ N2—n2.\ n\ 2o/ NP—2 \ Y

a detailed optical analysis of these polyelectrolyte layers, it , ad[— S + arctan =% c @)
has been concluded that the molecules have a looped N/ \n%—N? e/ \n% —N?
configuration attached by a few random sites (Ramsden et
al., 1995a,b). We believe that this is a favorable situation wherep = 0 for Nrg andp = 1 for Nrm.
allowing much of the DNA to retain its native conformation, We determined the refractive incrementdt for our DNA
unlike biopolymers rigidly attached to smooth planar sub- using an LI3 Rayleigh interferometer (Carl Zeiss, Jena); the
strates for the sake of atomic force microscopy (Karrasch et DNA was lyophilized and redissolved in the reference buffer.
al., 1993). The DNA was shown to be irreversibly bound
by subsequently rinsing with TE, upon which there was N0 4we measuredc to a precision 01075 using an LI3 Rayleigh
change in the quantity bound to the polyallylamine. interferometer (Carl Zeiss, Jena). Sir¢/anc ~ 0.1, this is accurate

Protein Binding Following DNA immobilization, the enouth\?r the precisionf2 x 107%) with which we can currently

. . measura\.

WaV_e_gU'de was remo_Ved from the 10S-1 Instrument and ' sThe three-layer mode equations can be obtained from eq 2 by
equilibrated for 3-4 h in Mg200 buffer [10 mM Tris-HCI settingda = 0.

Herce, we need to measure two effective refractive indices,
Nre and Nry. The adlayer parametensy, and da are
calculated from the measurétie and Nry by solving the

g 2, — [ (NIng)? + (N/n,)? — 1]°
" — nd| (g2 + (NIng)? — 1
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Ficure 1: Typical results. ®, experimental points. Solid line, eq
3 fitted to the curve. (a) Binding to pBR328,= 1.5 x 10710
mol/cn?, ¢, = 25 ug/cn? (dashed line, calculated concentration of
nonspecifically bound protein; dotted line, calculated protein which
has found a recognition site). (b) Binding to pEKUGGs 2.4 x
10719 mol/cn¥, ¢, = 19 ug/cne.
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Ficure 2: Dissociation at different buffer flow rates, plotted
according to InC(t)/T'(0) vs time (eq 14), wherE(0) corresponds
tot = 0 (the start of washing), except that the curve for dissociation
from pBR322 (incomplete dissociation) was plotted ad (fF
I'J/[T(0) — I' against time. The slopes of the curves are given
in Table 2; the dissociation using up to and including flow rates of
60 uL/s all seemed to fall on about the same slope (drawn), viz.
6.0 x 104 st +, F = 1.8 ul/s (pEKU6O); x, F = 60 ulL/s
(PEKUG0);m, F = 1.8ulL/s (pBR322)0, F = 100uL/s (PEKUGE0).

(PEKU60). The association kinetics are identical, but
whereas all the bound protein dissociates from pEKUG60
during washing, a residual quantity, irreversibly bound on
the time scale of the experiment, remains in the case of
pBR322. This is assigned to protein bound to the recognition
site.

These results concur with the concept, adumbrated in the
introductory section, that, irrespective of whether the DNA

With this procedure, we cannot guarantee that no additional contains a recognition sequence, the initial association of

salt, which would inflate the apparent/dc, is present. We

EcdR124ll, characterized by a rate coefficidgf is “non-

determined a value of 0.26 mL/g, compared with a typical specific’. The bound mask we actually measure is the

protein value of 0.18 mL/g (Sober, 1970).

Following establishment of the new base line with buffer
Mg200, nr anddr were calculated afresh as abdvand the
mass of protein binding to the DNA to form a new adlayer
A was calculated from egs 1 and 2 usingat = 0.18 mL/

g.
Buffers and Other Reagentdhe buffers were made up

sum of nonspecifically and specifically bound masses, i.e.

I'=r,+I; 3
Figure 2 shows that linlog plots of the washing phase
always gave straight lines. Hence, dissociation is a Poisson

process determined only by a rate coefficiémtand the

from analytical grade reagents. Before use, they were gmount of protein molecules nonspecifically associated to

autoclaved and filtered through Millipore 200 nm filters.

the DNA. In the case of pBR322, encounter of and binding

AdoMet (Sigma) was dissolved in potassium phosphate g the recognition sequence competes with dissociation; in

buffer (10 mM, pH 7.0) to approximately 100 mM. This

our kinetic model, we characterize recognition by a rate

solution was loaded onto a 0.5 mL BioRex (BioRad) column ¢oefficientks, which should be proportional to the ratio of

(mesh range of 106200) and washed twice with 1 mL of

base pairs comprising the recognition sequence to the total

the same phosphate buffer and twice with 1 mL of 250 MM ymbper of base pairs in the DNA molecule. The interpreta-

acetic acid. AdoMet was eluted with 5 200 uL of 4 M

tion of ks, which we determine experimentally, is one of the

acetic acid. Peak fractions were pooled, and the concentramgjor tasks of this paper.

¢ = 15000 Mt cm.
RESULTS

Figure 1 shows typical graphs of the kinetics of binding

of Ecar124ll to (a) DNA containing one copy of the
recognition sequence GAAMNRTCG (pBR322) and (b)

Figure 3)
drjdt=c;sk, = Toky = To(1— 09k, (4)

The first term on the right-hand side represents the flux of
EcoR1241l from a zone just above the surface [where the

DNA from which the recognition sequence had been excised concentration is;(<cy)] to the DNA, the second term its

dissociation back into the solution, and the third term the

¢ Strictly speaking, each layer should be separately reckoned andprocess of recognition. The DNA is considered to be an
the five- or six-layer mode equations (Ramsden, 1993) solved to array of one-dimensional molecules with a total density
determine the surface loading due to the ultimate adlayer, but the Sma”pOSSib|e nonspecific binding sites. Since one base pair has

error introduced by subsuming previously deposited layers into the F
layer was checked to be less than the overall uncertainty in our

measurements.

an average mass of 650 g/mol, we have, in moles of base
pairs per squared centimeter,
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Ficure 3: Reaction scheme described by egs 4, 6, and 10.

s =T pya/650 (5)

when I'pya is measured in grams per squared centimeter.

Ramsden and Dreier

Table 1: Kinetic Parameters for ProteiBDNA Binding,
Determined by Fitting the Experimental Data (Represented by eq 3)
to egs 4 and 10 as Described in the Pext

DNA  k(M1sD) k(s  Ka(MD)  ke(sD
pEKUB0  1.6x 10° 8x10* 2x10° 0.0
pBR322  3.0x 10° 7.2x10% 42x100 2.3x 10

2 A massm of 0.64 x 10712 ug was taken, i.e. corresponding to the
stoichiometry MSR;, but the choice of the other possible stoichiometry
made an almost negligible difference to the fitted kinetic parameters.
The nonspecific association equilibrium constigtis defined aK,
= koka.

and 10 were numerically integrated and fitted to the
experimental data given by eq 3. Fitted parameters are given
in Table 1.

DISCUSSION
Equilibrium Occupation (Nonspecific) As expected,

We apply the steady state approximation to the rate of changePBR322 and pEKU60 have similar nonspecific binding

of ¢, setting

dc,/dt = (¢, — ¢;)D/6 — c;sk, + I' Ky (6)
equal to zero. Here, the first term on the right-hand side
represents the flux oEcar124Il from the bulk solution
through the diffusion boundary layer of thicknesdo the
zone where the concentration ¢g. D is the diffusion
coefficient of the protein. Withal/dt ~ 0, we obtain from

eq 6

_ 6,DI6 + T kg

= "Dl6 + ks ()

with which we can eliminate; from eq 4. Since we have
a well-defined hydrodynamic regime in our cuvette, we can
use the expression of Levich (1962) fér

6 = (312 DxRAF)¥? (8)

wherex, R, andA are respectively the distance from the inlet

parameters. The value &, (defined asky/ky) ~ 3 x 107
M~1 We might compare it with Taylor et al.'s (1992)
specific binding constant of 80M 1, evaluated from gel
retardation experiments with oligonucleotides containing the
specific recognition sequence, although Winter et al. (1981)
have shown that the length of the DNA significantly
influences the binding. It should also be pointed out that
Taylor et al. measured in the presence of chloride; Leirmo
et al. (1987) and Richey et al. (1987) have found that
glutamate slightly enhances binding compared with chloride.
The number of enzyme molecules simultaneously non-
specifically occupying one DNA molecule can be determined
by noting that the steady solution (&s> «) of eq 4 withks
=0is
reqm= CbSka/kd (11)
from which the equilibrium number of moleculegper base
pair is
- CoKa
eqgm Mrkd

From the data in Table 1, at a bulk concentration o9

(12)

to the measuring aperture (3.5 mm), the radius (1 mm), andmL, we find Veqm = 1 molecule per 1010 base pairs or 3

the cross-sectional area (1.7 MmandF is the flow rate.

Note that we do not explicitly consider saturation of the
DNA by nonspecifically bound enzyme. This is because in
our experiments the proportion sfoccupied at any instant
was very small. Even at the highest valued'aheasured,

molecules per molecule of pEKU60. This is sufficiently
small to justify our neglect of mutual interference between
protein molecules adsorbed on the DNA.

Stoichiometry of RecognitionWe define this stoichiom-
etry Sas the final number of molecules of irreversibly bound

there were on average fewer than 10 protein molecules onEcaR124ll per recognition site, i.e.

each plasmid; it is unlikely that they interfere with one
another.
recognition site per molecule of pBR322, we have to take
its occupancy into account, which we do by definfigthe
average occupancy of the recognition site, by

_ moles of irreversibly bound protein I's < 4361
moles of recognition sites sM

03

r

The rate of specific binding to the recognition site is (see
Figure 3)
dl*Jdt =TI"(1 — 09k (20)

To determine the unknown parametégsky, andks, eqs 4

On the other hand, since there is only one

— Ijs,fin
sM

B x 4361

(13)

|

For the result in Figure 1a, for examplé,= 0.026ug/cn?,
from which S= 2.1, takingM, = 385 kDa? A value ofS

= 2 is corroborated by our other experiments [the alternative
composition MSR (M, = 296 kDa) would gives= 2.7]. In
comparison, Taylor et al. (1992) determingeF 1, but this
was for oligonucleotides.

The main source of uncertainty in our value ®is the
value of d/dc for DNA. As pointed out in Materials and
Methods, the presence of unknown amounts of salt in the
lyophilized material could have led to a significant overes-
timation of the amount of adsorbed DNA. Taking the well-
established typical value for proteim/dc, 0.18 mL/g, as an
estimate for DNA, we obtai®= 1.4. Until a more reliable
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Table 2. Measured and Calculated Dissociation Rates from binding site, benefiting from the reduction of dimensionality

Nonspecific DNA (pEKUG0), except Where Indicated from three to one [Adam & Delbak, 1968; but see also
ki(sko/D + 1) measured McCIosk_ey and Poq (1986)]_. T_he opposite viewpoint is that
FLs? 6(m) s(pmolcnr? (s slope (s?) the protein does all its diffusing in the three-dimensional bulk
18 o1 245 8 104 T50x10° solution; searching consists of binding to one randomly
20 a1 300 —8x 104  —60x 10 chosen site followed by dissociation if that site is not
60 28 300 -8 x 10 —7.2x 10 recognized and further diffusion in the bulk until the next
100 24 300 —8x10*  -6.2x 107 random encounter with the DNA.
pBR322 We accept that diffusion via the bulk is too inefficient to
18 91 140 —72x10*  -49x10* be the mechanisrh. On the other hand, the presence of
2 The rates were calculated using rate coefficients from Tablé 1.  obstacles (especially other proteins) must surely hinder a one-
was calculated from eq 8. dimensional random walk along a DNA molecule. A more

realistic model for essentially one-dimensional tracking along
measurement ofrddc is available, we would like to be rather  the DNA molecule is dissociation followed by diffusion in
cautious regarding the stoichiometry. Fortunately, the kinetic the vicinity of the DNA; in solution, diffusive motion
parameters we have determined are robust, and their reli-engenders strong correlations between consecutive sites of

ability does not depend upon the value ofdt. attachment, especially when these sites are arranged in a line
Anatomy of Dissociatian Taking rebinding into account,  (Luthi et al., in preparation). This is true even without
eq 4 withks = 0 is solved with boundary conditiores = 0 explicitly taking into account the solvent molecules, which
att = 0 to yield would further enhance the effect (Rabinowitch, 1937). We
therefore reformulate the binding problem as follows; the
n 5 _ —kdt (14) bulk should be divided into two zones: the region near the
I, sko/D+1 DNA, well within the diffusion boundary layer, in which

binding attempts will be correlated and the more distant
whereI, is the amount of protein bound to the DNA just regions in which binding attempts will be uncorrelated.
before the initiation of dissociation. Table 2 gives the slopes Dissociation is defined as removal of the protein from the
of dissociation curves measured at different buffer flow rates near-surface zone to the bulk zone from which association
F and plotted in Figure 2. According to eq 8,decreases  attempts are no longer correlated. During the period of
with increasingF. If ky > skd/D, however, as we predict associatiorr [which is, according to our results (Figure 2),
from our experimental data (Table 1), there should be no Poisson-distributed with mean = 1/, the protein es-
change in the dissociation rate over the rangeFoive sentially executes a random walk along the DNA; micro-
investigated, which was true except at the highest flow rate, scopically, it probably does dissociate from the DNA and
100uL/s, at which dissociation was almost 10 times faster. diffuse a little way along to the next site sampfebut at
This may, however, be an artifact of our pumping arrange- the submolecular level, there is probably a continuum of
ments; we used a commercial peristaltic pump in which the degrees of association between associated and dissociated,
rollers run in a circular cavity, and the flow rate is not strictly involving various forces (van der Waals, electrostatic,
uniform. The highesF involved running the pump as fast hydrogen bonds, hydration, etc.) and in the sense of
as possible, and these fluctuations were exacerbated by theonsecutively sampled sites being spatially correlated, is still
mechanical instability of the pump, resulting in a significantly associated. We denote the rate of moving from one site to
lower signal/noise ratio. another as sites per second. The mean number of sites

Significance of the Rate Coefficient¥he basic question  visited before dissociatioringl] is then simply
we seek to answer is as follows: how cBncoli ensure
that it will survive following infection by phage? If the [y = u/ky (15)
infected cell is to survive (taking phadeas a model system),
then the phage DNA must be destroyed before it has beenbut the numben, of distinct sites visited is smaller, since
replicated, i.e. within 15 min [a lytic cycle takes about 45 the walk is undirected and much back-tracking occurs.
min (Friedman & Gottesman, 1983) and the phage burst Montroll (1969) has shown that, for a chain consistingsof
follows the lysogenic induction after about 30 min (Bailone, sites,&/6 steps will on average be needed to reach a single
1979)]. From the point of view of the bacterial population recognition site. On pBR322, this event, characterized by
as a whole, however, it is sufficient to ensure that the infected ks, occurs with a frequency of 2.3 104 s1. We have
cell does not lyse and release assembled viruses, whichdefinedks as the conditional probability that an associated
allows it somewhat longer, around 45 min (Friedman & protein molecule will encounter and bind to a recognition
Gottesman, 1983), to act. We formulate a more specific site, i.e. it will have taken 43686 = 3 x 10° steps, from
guestion: how manfcoR124I11 molecules does the cell need which it follows that the time for one step is kJ(x 3 x
to ensure that the infecting virus is thwarted? We attempt 10°) ~ 1.5 ms= 1/u. Hence,4] the average number of
to answer it using the kinetic parameters we have determinedsteps before dissociation, is»® 1 (from eq 15), taking
for the interaction oEcaoR12411 with our model DNA. about 20 min.

As mentioned in the introductory section, it is not known
how the protein finds its recognition site. Winter etal. (1981) 7 Unless some long range force directs the protein toward the binding
inferred from investigations on thac repressor-operator site. However, the only such force which would appear to be a
system that the protein binds to the DNA at a randomly candidate is electrostatic, and at the high salt concentrations encountered

. - . . in the cell and in our experiments, they are highly effectively screened
selected site after diffusing through the cytoplasm and slides 5t ranges beyond a few nanometers.
along (i.e. diffuses in one dimension) until it finds its specific 8 Note also the discussion of Winter et al. (1981).
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We can now use these numbers to answer the questiorthe diffusion ofEcoR124Il molecules in the cytoplasm of
posed at the beginning of this subsection. We are awareE. coli. But it is gratifying to see that our estimate of the
that there must be many other processes in the cell runningnumbers required, about 15 per plasmid, accords well with
in parallel with restriction, and which may influence it. the 40 or 50 which appear to be present in the cell as a whole.
However, not least because we presently know so little about
these other processes, we neglect them. The phas¢A ACKNOWLEDGMENT
contains 15 irregularly spaced recognition sitesooR124ll;
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