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ABSTRACT: The effect of hydrophobicity on the rate and mechanism of transfer of a synthetic amphiphilic
peptide between phosphatidylcholine single bilayer vesicles has been evaluated. These peptides, which had
the sequence C,-SSLKEYWSSLKESFS (where C, represents a saturated acyl chain of # carbons that is
attached to the amino terminus of the peptide and n = 8, 12, or 16), were distinguished by the length of
the saturated acyl chain of n carbons that was covalently bonded to the amino terminus. The transfer of
the peptides was monitored by following the rate of change of the intrinsic tryptophan fluorescence that
followed mixing of donor vesicles, which contained peptide, phosphatidylcholine, and a fluorescence quencher,
with acceptors composed only of phosphatidylcholine. The transfer rates were independent of the structure
and concentration of the acceptor. The kinetics were biexponential with the contribution of the fast and
slow components being nearly equal. The rates of both components decreased with increasing acyl chain
length; the respective free energies of activation were linear with respect to the acyl chain length. These
results showed that, unlike lipid transfer, peptide transfer is not always a simple unimolecular process.
However, like lipid transfer, the transfer rates are a predictable function of hydrophobicity. It is proposed
that the peptides exist as dimers on the phospholipid surface and that the two components of transfer are
due to sequential transfer of each molecule in a dimer.

In plasma lipoproteins, phospholipids, cholesterol, and pro-
teins form a surface monolayer that separates the apolar core
lipids from the surrounding aqueous phase (Shen, 1977). The
surface components transfer among lipoprotein surfaces
whereas the core lipids, mostly triglyceride and cholesteryl
esters, require specific transfer proteins (Ihm, 1980; Zilversmit,
1975; Massey, 1985). The mechanisms of spontaneous
phospholipid and cholesterol transfer are fairly well understood;
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transfer occurs via rate-limiting first-order desorption of the
molecule into the surrounding aqueous phase followed by a
rapid diffusion-controlled transfer to an acceptor lipoprotein
(Lund-Katz, 1982; Massey, 1982). This process is regulated
by the hydrophobicity of the transferring species with other
structural features having only an incremental effect (Massey,
1982; Pownall, 1983). The mechanism of transfer of the
apoprotein component of lipoproteins is important because
some are ligands for receptor-mediated endocytosis (Gianturco
& Bradley, 1987) and activators of lipolytic enzymes (Fielding,
1972; LaRosa, 1970; Zorich, 1985).

© 1988 American Chemical Society
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Reijngoud and Phillips (1982) reported that apo' A-I is
irreversibly bound in its complexes with dimyristoyl-
phosphatidylcholine (DMPC) due to an unusually high energy
barrier for the desorption of the partially unfolded protein. In
subsequent work they reported that apo A-II and total apo
C proteins reversibly desorb from DMPC complexes over a
time interval of 1-15 min (Reijngoud & Phillips, 1984).
Recently, we have used a spectroscopic stopped-flow method
to measure directly the rates of transfer of each of the apo C
proteins between single bilayer vesicles of POPC over a
physiological temperature range (McKeone et al., 1988). The
kinetics were complex, and it was difficult to obtain an un-
ambiguous assignment of the reaction mechanism. In the
present paper we have investigated the kinetics and mechanism
of a series of acylated peptides to identify the rate-limiting
structure. Unlike native proteins, synthetic model apolipo-
proteins can be tailored to determine the effects of a specific
structural preturbation on transfer rates. The results of this
work clarify the role of hydrophobicity in peptide transfer and
permit an unambiguous interpretation of the transfer kinetics
obtained with native apolipoproteins.

MATERIALS AND METHODS

Materials

The acylated lipid-associating peptides (C,-LAP), which
were identical with those previously described by Ponsin et al.
(1984), had the structure, C,-SSLKEY WSSLKESFS, where
C, represents a saturated acyl chain of » carbons that is at-
tached to the amino terminus of the peptide and » = §, 12,
or 16. N-[[5-(dimethylamino)-1-naphthalenyl]sulfonyl]-N,-
N-dioctadecylamine (DNS-DODA) was synthesized by mixing
equimolar amounts of 5-(dimethylamino)-1-naphthalene-
sulfonyl chloride and dioctadecylamine in chloroform that
contained a trace of triethylamine as a catalyst. Purification
was achieved by chromatography over silica gel with a hexane
to ethyl acetate gradient. Measurements of the rate of transfer
of DNS-DODA between single bilayer vesicles and reassem-
bled HDL showed that transfer half-times were greater than
12 h at 25 °C (results not shown).

Apolipoprotein A-II was isolated from human plasma as
described by Massey et al. (1981). 1-Hexadecyl-2-(9-octa-
decenyl)phosphatidylcholine (POPC ether) was synthesized
according to Pownall et al. (1985). All other phospholipids
were obtained from Avanti Polar Lipids (Birmingham, AL),
and their purity was verified by the appearance of a single spot
when tested by thin-layer chromatography on silica gel eluted
with chloroform, methanol, and water (65/25/4). Phospho-
lipase A, (Crotalus atrox) was obtained from the Miami
Serpentarium. Buffer salts, acids, and bases, which were of
reagent grade, were purchased from Fisher Scientific
(Houston, TX). A buffer of 100 mM NaCl containing 10 mM
Tris, pH 7.4, was used throughout.

Methods

Analytical Methods. Fluorescence spectra of the peptides
were measured on an SLM photon counting spectrometer
operated at ambient temperatures. Peptide concentrations
were calculated from the absorbance at 280 nm (a = 6850 M™!
cm™') measured on a Cary 14 absorption spectrophotometer.

! Abbreviations:  apo, apolipoprotein; DMPC, dimyristoyl-
phosphatidylcholine; LAP, lipid-associating peptides; DNS-DODA, N-
[{5-(dimethylamino)-1-naphthalenyl]sulfonyl]-V,N-dioctadecylamine;
POPC, 1-palmitoyl-2-oleoyl-sn-3-glycerophosphocholine; POPC ether,
1-hexadecyl-2-(9-octadecenyl)phosphatidylcholine.
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Lipid concentrations were determined by a phosphorus analysis
(Bartlett, 1959).

Preparation of Donor and Acceptor Particles. Model li-
poprotein complexes of human apolipoprotein A-I11 and DMPC
with a lipid to protein ratio of 75/1 were prepared according
to Massey et al. (1981). Single-bilayer vesicles of phospho-
lipids were prepared by ultrasonic irradiation (Huang, 1969).
Donor single-bilayer vesicles in which the outer density of lipids
was reduced by 5% were prepared as follows. POPC ether
(95%) and POPC (5%) were cosonicated to produce single-
bilayer vesicles and were then treated with phospholipase A,
in a lipid to enzyme weight ratio of 100. Fatty acid free bovine
serum albumin (2%) was added to the mixture to bind the
liberated lysolecithin and fatty acid. The reaction was con-
ducted in a buffer composed of 5 mM CaCl, and 10 mM Tris,
pH 7.4, at 37 °C for 1 h. Both complexes and vesicles were
purified by chromatography over Sepharose CL-4B which
separates vesicles of complexes from multilamellar species as
well as fatty acid and lysolecithin, which are bound to albumin.
Analysis of an aliquot of the lipids before chromatography was
obtained by high-performance liquid chromatography on silica
gel (Christie, 1986) with a Spectraphysics 8000 HPLC
equipped with a radiolabel detector (Betacord, LKB Instru-
ments, Bromma, Sweden). These analyses, which were per-
formed in triplicate, showed that 63% of the total label was
hydrolyzed. The ratio, 63/37, is the estimated outside/inside
distribution of lipids in single-bilayer vesicles. We conclude
that only the lipids in the outer leaflet have been hydrolyzed
and that it is this population of hydrolysis products that is
transferred to albumin and removed by chromatography.

Transfer Kinetics. The kinetics of peptide transfer were
measured by a modification of the procedure of Plant et al.
(1983) in which the rate of transfer was a direct function of
the change in the fluorescence that accompanied the transfer
of a fluorophore from donor vesicles composed of POPC to
acceptor vesicles that contained a fluorescence quencher; in
the present study, the fluorescence derived from the intrinsic
fluorescence of the peptide. Donor single-bilayer vesicles of
POPC were prepared by ultrasonic irradiation and purified
by chromatography over Sepharose CL-4B. A solution of the
peptide in buffer was added to the donor vesicles in the desired
ratio. Acceptor vesicles were prepared by cosonication of
POPC containing 5 mol % DNS-DODA. The transfer re-
action was initiated by mixing equal volumes of donor and
acceptor vesicles in a Hi-Tech stopped-flow accessory that was
mounted on an SLM spectrofluorometer. The excitation
wavelength was 280 nm, and the emission at wavelengths
greater than 365 nm was isolated by a Corning 3-74 cutoff
filter (arrow, Figure 1). The signal was transferred from the
fluorometer to a Sperry personal computer where the data were
stored for processing. Between 2000 and 4000 data points were
collected in each kinetic experiment. Statistical tests were
conducted to determine the best fit for second-order, single,
or biexponential reactions. The latter, which always gave the
best fit, had the form I = 4 + B exp(-k t) + C exp(-kat),
where I is the fluorescence intensity, ¢ is time, 4, B, and C
are constants, and k; and k, are the respective rate constants
of the two decay components. Other experiments, in which
donor POPC single-bilayer vesicles were replaced by complexes
of apo A-IT and DMPC or POPC ether single-bilayer vesicles,
were conducted and analyzed similarly.

RESULTS

Preliminary fluorescence experiments were conducted to
identify the optimal conditions for monitoring the transfer of
peptides between the donor and acceptor single-bilayer vesicles.
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Table I: Rates and Activation Parameters for the Transfer of C,-LAP-15 at 37 °C

donor (ug/mg of POPC)? k (st E, (kcal/mol)  AG* (kcal/mol)* % fastd Fi/F, (1)
fast component
C;s-LAP, POPC (0.05) 117.0 21.20 15.26 53 1.7 (10)
C,;-LAP, POPC (0.05 10.2 16.29 16.76 49 8.0 (25)
C,2-LAP, POPC (0.01) 3.25 17.95 17.47 51
Ci-LAP, POPC (0.05) 0.0116 21.26 20.94 52 3.0 (50)
C2-LAP, DMPC/apo A-II complexes 16.4 12.19 19.33 56
slow component
Cs-LAP, POPC (0.05) 38.1 23.05 15.95
C,2-LAP, POPC (0.05) 3.23 15.62 17.47
C,-LAP, POPC (0.01) 0.62 21.10 18.49
C5-LAP, POPC (0.05) 0.0014 26.00 20.81
C,2-LAP, DMPC/apo A-II complexes 2.46 14.31 17.64

¢Concentration ratio is for the donor. Acceptor vesicles were present in a 5-fold excess. ? Average deviation was 10% or less. ¢Calculated from

absolute rate theory. ?Percent fast is the ratio of the preexponential factor for the fast component to that of the fast and slow component times 100%.
¢ F\/F, is the ratio of the F values for a biexponential fit of the data to that of a single-exponential fit of the same data; (¢) indicates the temperature

at which the ratio was calculated.

Cn-SSLKEYWSSLKESFS

INTENSITY
o
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FIGURE 1: Fluorescence spectra of C,-LAP in the presence of POPC
(A) and DNS-DODA and POPC (B). In both curves, the concen-
trations of peptide and phospholipid were 0.03 and 1.30 mM, re-
spectively. Excitation was 280 nm. Insert shows the structure of
C,-LAP, where n is the number of carbon units in a single saturated
fatty acyl chain. The arrow indicates the cutoff wavelength of the
filter used for kinetics.

The peptides were mixed with the donor vesicles, and the
fluorescence spectrum was recorded. In each case the peptide
exhibited a strong fluorescence maximum between 330 and
335 nm (Figure 1A). When the peptides were mixed with
donor vesicles, which were composed of POPC plus 5 mol %
of the nontransferable fluorescence quencher, DNS-DODA,
the resulting spectra were similar but exhibited intensities that
were reduced by 50% (Figure 1B). Independent kinetic ex-
periments showed that the association of the acylated peptides
with acceptor vesicles at similar concentrations was much
faster than the limits of our system. Thus, the transfer of any
of the C,-LAP peptides from POPC vesicles to those con-
taining a fluorescence quencher results in a reduction of the
fluorescence intensity, and the rate of reduction can be used
as a direct measure of the kinetics of peptide transfer. Other
experiments (not shown), in which the quencher was in the
donor and the acceptor was composed of 100% POPC, ex-
hibited an increase in fluorescence intensity after mixing.
However, the kinetics were identical with those observed with
quencher in the acceptor.

The rates of peptide transfer were a regular function of the
length of the acyl chain and of temperature. Some repre-
sentative kinetic traces are given in Figure 2. The data were
fitted to both a single and a biexponential fitting routine and
the residuals plotted as a function of time; as the insert to the
lower panel of Figure 2 shows, there is an uneven distribution
of the residuals in the single-exponential fit that is consistent

T T

Cie

2004

Ci2

Fluorescence Intensity

2001

100 T T

Seconds

FIGURE 2: Transfer kinetics of C,-LAP. (Upper panel) Transfer of
C.,-LAP (n = 8, 12, or 16) at 20 °C. (Lower panel) Transfer of
Ci2-LAP at 15, 25, and 40 °C. The identity of the peptides (upper
panel) and temperatures (lower panel) are labeled in the figure. The
insert compares residuals observed when fitted to a single-exponential
decay (A) to those obtained with two exponential components (B).

with the observed and calculated curves intersecting at two
points. In addition, with a biexponential fit there is a stochastic
distribution of the observed values about the calculated curve.
Moreover, for these data we calculated an F value for both
fits. For a single exponential, this value was 38 237; for the
biexponential fit, the F value was 305523. Since the F value
is proportional to the significance level (Snedecor & Cochran,
1980), we expect that the function that yields the greatest F
value is the one that provides the best description of the data.
As the last column of Table I indicates, the ratio of the F value
for a biexponential decay to that of a single-exponential decay
was always greater than 1. Therefore, our mechanistic model
for peptide transfer is more consistent with biexponential
kinetics.

At constant temperature an increase in the acyl chain length
of the peptide was accompanied by a decrease in the rate of
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FIGURE 3: Arrhenius plots of C,-LAP transfer. Fast (panel A) and
slow (panel B) components of C,-LAP transfer: (a) Cy; (W) C,5; (®)
Clﬁ-

transfer (Figure 2). For a given peptide, an increase in the
temperature led to an increase in the rate of peptide transfer.
For all three peptides, the relative contributions of the long
and short kinetic components to the total change in amplitude
were nearly equal and independent of temperature. The rate
constant for each component was measured as a function of
temperature and plotted according to Arrhenius and the ac-
tivation energies calculated from the slopes of the curves
(Figure 3). The rates and activation energies are summarized
in Table I which also lists the free energies of activation
calculated from absolute rate theory. The most notable feature
of these data was the variation in the free energy of activation
with acyl chain length, which increased at the rate of about
700-800 cal per methylene unit for both the fast and slow
components. However, the contribution of each of the
methylene units between Cq and C,, was less (375 cal per CH,)
than that observed between C,, and C,4 (1100 cal per CH,).
The transfer rate constants were independent of the ratio of
the donor to acceptor and the identity of the donor. Similar
studies (Table I) of the transfer of an acylated peptide from
the surface of a model lipoprotein composed of DMPC and
apolipoprotein A-II (75/1) also exhibited two components,
although the rates were faster than those observed with sin-
gle-bilayer vesicles. Finally, the fast and slow rates of transfer
of C,,-LAP between single-bilayer vesicles of POPC were
identical (£10%) to those observed for the same donors using
apo A-II (75/1) DMPC complexes as acceptors. In the latter
case, increasing the acceptor to donor ratio from 5 to 15 had
no significant effect on the fast and slow rate constants.
The effect of removing 5% of the phospholipids in the outer
leaflet of the donor vesicles was also evaluated. This was
achieved by using single-bilayer vesicles composed of 95%
POPC ether and 5% POPC and treating them with phos-
pholipase A,. The phospholipid density of the donor was thus
reduced to that of the POPC ether, which was not susceptible

HICKSON-BICK ET AL.

Table I1I: Rates and Activation Energies for the Transfer of
C,;-LAP-15 from Normal and Modified® POPC Ether Single-Bilayer
Vesicles at 37 °C

activation energy

rate constant (s7) (kcal/mol)
phospho- fast com-  slow com-  fast com-  slow com-
lipase A, ponent ponent ponent ponent
- 0.52 0.10 21.86 26.82
+ 0.58 0.08 21.85 23.18

4Donors were composed of POPC ether (95%) and POPC (5%) or
POPC ether (95%) and POPC in which all of the POPC in the outer
leaflet was removed by hydrolysis with phospholipase A, (see text for
details).
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FIGURE 4: Effect of peptide/PC ratio on C;,-LAP transfer. Fast
component (panel A) and slow component (panel B): 50 ug of
peptide/mg of PC (A); 10 ug of peptide/mg of PC (®).

to hydrolysis. We observed (Table II) that the transfer rates
for C;,-LAP were not greatly affected by treatment of the
donors with phospholipase. Therefore, over this small range,
the rate of peptide transfer was independent of the phospholipid
density on the outer surface of the donor vesicles. Independent
studies with a pyrene-labeled phospholipid indicated negligible
migration of phospholipid across the bilayer membranes
(Homan & Pownall, 1986).

To determine the effect of the lipid to peptide ratio on the
reaction rates, we conducted one set of experiments at the
lower limit of reliable detection on our stopped-flow system.
The Arrhenius plots of these data are shown in Figure 4. Both
fast and slow components were still observed although both
rates were slower by a factor of about 3 at the lower peptide
to lipid ratio. This ratio was 0.01 mg of peptide/mg of lipid,
which corresponds to about 10 peptide molecules per vesicle
if one assumes an aggregation number of 2500 lipids per
vesicle.

DiscussionN

The kinetics and thermodynamics of transfer of the C,-
LAP-15 peptides had many similarities to those of a wide
variety of lipids including alcohols, fatty acids and their methy!
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esters, alkanes, and phospholipids (Pownall et al., 1983; Massey
et al., 1982; Nichols, 1985; Lund-Katz et al., 1982). These
earlier studies had shown that many sparingly soluble com-
pounds transfer between lipid surfaces by a mechanism that
involves rate-limiting desorption of the molecule from the
surface of the lipid into the surrounding aqueous phase. This
is succeeded by the very rapid diffusion-controlled association
of the transferring species with the acceptor lipid surface. A
major characteristic distinguishes this mechanism from one
that involves transfer via collision of the donor and acceptor
particles; the latter process is second order and dependent on
the concentrations of the donor and acceptor. We observed
no dependence on the acceptor concentration and conclude that
the peptide transfer occurs through the aqueous phase. Other
observations are also consistent with this assignment. The
transfer times and free energies of activation increase with an
increase in the hydrophobicity of the transferring species;
moreover, there is a reasonably good correspondence between
the incremental free energies of activation for the transfer of
each methylene unit and the measured free energy of transfer
of methylene units from a hydrocarbon phase to an aqueous
phase (Tanford, 1973); both are between 700 and 800 cal per
methylene unit. However, the average incremental free energy
is smaller between 8 and 12 methylene units than it is between
12 and 16 methylene units. This is consistent with there being
some penetration of water beyond the interfacial region to
create a hydrophobicity gradient. The average magnitude of
the values is sufficiently close to 800 cal per CH, to suggest
that, in the activated state, the transferring species is in an
environment that is similar if not identical with that of
bulk-phase water.

The major distinction between the kinetics of lipid and
peptide transfer is that the former is usually a single-expo-
nential decay whereas the transfer of the acylated peptides is
best described by a biexponential rate equation. This obser-
vation is consistent with certain earlier findings. The transfer
of factor V and its phospholipid binding peptide between
phospholipid vesicles is not exponential although a suitable rate
expression was never reported (Pusey & Nelsestuen, 1984).
Also, Leto et al. (1980) observed that the transfer of cyto-
chrome bs between phospholipid vesicles is first order over only
the first 65% of the reaction. They attribute the absence of
a purely exponential decay to negative cooperativity in the
association of the protein with the phospholipid vesicle.
Moreover, independent measurements in our laboratory have
shown that the kinetics of transfer of the individual C apo-
lipoproteins and of melittin (H. Pownall, unpublished results)
are also biexponential. Therefore, this type of behavior appears
to be characteristic of protein transfer.

One possibility is that the two components are due to the
difference in rates of transfer from the two leaflets of the
phospholipid vesicle. However, our transfer experiments in
which the phospholipid vesicles were replaced by model lipo-
proteins composed of apo A-II and DMPC also exhibited two
components. Since this model lipoprotein has a micellar ar-
chitecture in which only an outer leaflet is present, it is
probable that the biexponential decay is a specific function
of the interaction of peptides in the phospholipid surface.

Another possibility is that the different rate constants arise
from differences in the packing of lipids and peptides on the
donor surface. However, in the experiments in which 5% of
the phospholipids had been removed by phospholipase treat-
ment, the peptide transfer rates and activation energies were
identical with those of the untreated sample. It is unlikely that
PC and C,-LAP are transferred as a complex because addition
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FIGURE 5: Schematic representation of the transfer of acylated peptides
from a phospholipid surface into water. The peptides form dimers
which, according to circular dichroic studies (Ponsin et al., 1984),
are helical. The first component (k,) is transfer of a peptide from
the dimer. The second, slower component (k,) is due to transfer of
a monomer from a totally lipidic environment. The structure in water
is represented as a random coil.

of the peptide to labeled single-bilayer vesicles did not affect
the rate of desorption of pyrene-labeled PCs (data not shown).
Therefore, the peptide transfer probably occurs by monomer
desorption into the aqueous phase followed by rapid diffusion
to acceptor particles. This conclusion is consistent with the
report of Ponsin et al. (1984) that the acylated peptides were
dialyzable over a time scale in which little lipid transfer was
observed. The mechanistic details that lead to the biexpo-
nential decay remain to be established. One mechanism to
explain our data is that the acylated peptides, like some gly-
cosphingolipids (Brown et al., 1985), form a noncovalent dimer
on the surface of a phospholipid vesicle. This is illustrated
in Figure 5. The first component of the transfer, which is
rapid, corresponds to the dissociation of one molecule from
the dimer. The second component corresponds to the subse-
quent transfer of the second molecule from a smaller oligomer.
Both components should be exponential, and each should be
sensitive in a similar way to the peptide hydrophobicity, which
is governed by the length of the saturated acyl chain. The
assignment of a dimeric species to the physical state of the
peptide on the lipid surface is based upon the observation that
the fast and slow components contributed nearly equally to
the total signal change (Table I). This effect did not disappear
when the peptide to lipid ratio was reduced by a factor of 5.
Instead, the rate constants for both components were smaller.
This may be due to changes in the surface density of peptide
molecules that perturb the system in a way that is different
from that produced by lowering the phospholipid surface
density. Thermodynamically, this model is identical with the
negative cooperativity suggested by Leto et al. (1980). It
suggests that, as the number of peptides on a membrane or
lipoprotein surface is increased, the affinity of all of the
peptides for the surface is reduced.

Physiological Insights. During lipolysis of chylomicron and
very low density lipoproteins the fatty acid hydrolytic products
are rapidly transferred to serum albumin via the aqueous
phase. The removal of the triglyceride core and a portion of
the phospholipids that compose the surface produces a net
increase in the surface density of proteins. It is known that,
following lipolysis, the C and E apoproteins are associated
mainly with the high-density lipoproteins; the lower affinity
of peptides for lipid surfaces under conditions where there is
a high surface density of proteins could be an important de-
terminant in the in vivo regulation of peptide transfer.
However, the major determinant of the transfer rate is the
hydrophobicity of the transferring species. In the case of the
acylated peptides and of phospholipids, this is a predictable
function of the length of the acyl chains. If this rule is to be
extended to native proteins, the major determinant must be
the hydrophobicity of the amino acid residues that are in
contact with the phospholipid matrix.
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Homology-Dependent Underwinding of Duplex DNA in RecA Protein Generated
Paranemic Complexes'
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ABSTRACT: RecA protein promoted formation of paranemic joints, in which a recA—ssDNA complex and
a nicked circular dsSDNA molecule are homologously aligned without net cross-strand interwinding, is
accompanied by extensive underwinding of the dSDNA molecule. When the nick is sealed by DNA ligase,
a highly negatively superhelical DNA molecule is formed. This underwinding has the following properties:
(a) it occurs within 2 min; (b) it is completely homology dependent; (¢) it does not require a homologous
free DNA end. The resulting underwound DNA species is comprised of a heterogeneous population of
topoisomers. The degree of unwinding exhibits a strong dependence on the fractional length of homology
in the dsSDNA molecule and indicates that paranemic joints can extend for at least 2900 base pairs. The
rapid underwinding associated with paranemic joint formation is followed by a longer phase in which the

dsDNA molecule is more extensively underwound.

’I:le recA protein of Escherichia coli promotes homologous
genetic recombination in vivo and in vitro [reviewed in Dressler
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and Potter (1982) and Cox and Lehman (1987)]. An early
step in homologous genetic recombination is the homologous
synapsis (pairing) of two DNA molecules (Holliday, 1964;
Meselson & Radding, 1975). In vitro, a prerequisite step to
pairing is the binding of recA protein to DNA (Shibata et al.,
1979a; Cox & Lehman, 1981). RecA protein stoichiomet-
rically binds (one recA monomer per four nucleotides) to
single-stranded DNA (ssDNA)! to form a filamentous nu-
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