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Interaction of SecB with soluble SecA

Tanneke den Blaauwen?®, Ewald Terpetschnig®, Joseph R. Lakowicz”, Arnold J.M. Driessen®*

*Department of Microbiology, Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, Kerklaan 30,
9751 NN Haren, The Netherlands
bCenter for Fluorescence Spectroscopy, Department of Biological Chemistry, University of Maryland at Baltimore School of Medicine,
Baltimore, MD 21201, USA

Received 3 September 1997

Abstract The preprotein binding molecular chaperone SecB
functions by preventing the premature folding of the preprotein in
the cytosol, and targeting it to the peripheral subunit SecA of the
translocase at the cytoplasmic membrane. The nature of the
interaction of SecB with soluble SecA was studied by fluores-
cence anisotropy spectroscopy of Ru(bpy).(dcbpy)-labeled SecA
in the presence of increasing concentrations of SecB. A more
than 50-fold difference in affinity for the cytosolic SecA
compared to franslocase associated SecA seems to prevent
unproductive binding of SecB to the cytosolic SecA and stresses
its targeting function.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

In Escherichia coli, preprotein synthesis and translocation
across the cytoplasmic membrane are largely uncoupled [1].
The first step in preprotein translocation, therefore, is the
targeting of the preprotein to the multi-subunit translocation
complex or translocase at the cytoplasmic membrane. Three
integral subunits SecY, -E, and -G constitute a high affinity
site (Kp ~ 10 nM [2,3]) for the dissociable subunit SecA of the
translocase (for a review see [4]). The homodimeric [5] SecA
(204 kDa) binds the leader sequence and the mature part of
the preprotein and couples the hydrolysis of ATP to the trans-
location of preproteins across the membrane [6]. A subset of
preproteins is dependent on the cytosolic chaperone SecB for
efficient translocation across the cytoplasmic membrane by
the translocase (for a review see [7]). The homotetrameric
[8,9] SecB (69 kDa) is a molecular chaperone that binds the
mature part of the preprotein [10] and maintains it in a trans-
location competent state that is lacking the stable conforma-
tion characteristic of the mature folded species [11-13]. SecB
has a high affinity (Kp about 30-40 nM) for the membrane
associated SecA [2,3]. In the presence of a preprotein such as
proOmpA, the affinity of SecB for membrane bound SecA
increases to 10 nM [3]. It has been suggested that a second
function of SecB could be the targeting of the preprotein to
the membrane associated SecA [2,3,10]. The number of SecB
tetramers per cell is estimated to be approximately 1200 [8].
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The number of SecA dimers is estimated to be between 1250
and 2500 copies per cell [14]. With 25-50% of the SecA found
in the cytosol depending on the amount of integral translocase
subunits present and on the growth conditions [15-18], a large
number of SecB tetramers could be titrated in the cytosol and
therefore be unable to reach the translocase at the cytoplasmic
membrane. A preferential binding of SecB to the membrane
bound SecA would enhance the efficiency of targeting and
prevent unproductive cytosolic binding. However, whether
SecB binds the cytosolic SecA with a similar affinity as it
binds the membrane associated SecA is still a matter of debate
[2,19,20]. In none of these studies has a measure of the affinity
for the cytosolic SecA-SecB interaction been reported. There-
fore, we investigated the affinity of SecB for SecA in solution
using purified components. SecA was labeled with the fluoro-
phore Ru(bpy)z(dcbpy) with a fluorescence lifetime of about
400 ns [21,22]. Since information on the rotational motion is
available over a time range extending to about 3 times the
fluorescence lifetime, this probe is suitable to study the rota-
tional dynamics of large proteins, such as SecA, and protein
complexes with rotational correlation times up to 1.2 us. SecB
appeared to have a dramatically lower affinity for soluble
SecA than that reported for the membrane bound SecA.
The implications for the targeting function of SecB are dis-
cussed.

2. Materials and methods

2.1. Bacterial strains and growth media

Unless indicated otherwise, strains were grown in Luria-Bertani
(LB) broth or on LB agar supplemented with 50 pg of ampicillin/
ml, 0.5% (w/v) glucose, or 1 mM isopropyl-1-thio-B-p-galactopyrano-
side, as required. SecYEG overproduction was done in SF100 freshly
transformed with pET340 (YEG™) [15], SecA in NO2947 (MC1061
Alac, recA56 Srl::Tnl0, Amersham International plc, UK) containing
pMKLI18 [23], SecB in NO2947 containing pAK330 [24], and proOm-
pA in E. coli strain MM52 [25] transformed with pTAQpOA (a gift of
N. Nouwen).

2.2. Materials

SecA [26], SecB [27], and proOmpA [28] were isolated as described.
Protein concentration was determined by the Bradford assay [29] and
by quantitative amino acid analysis (Eurosequence, Groningen, The
Netherlands)

2.3. Ru(bpy)s(dcbpy) labeling of SecA

An NHS ester of Ru bis(2,2’-bipyridine)(2,2’-bipyridine-4,4’-dicar-
boxylic acid) (Ru(bpy)(dcbpy) in DMF was synthesized as described
[21] and used to covalently label SecA amines. While vortexing, 1 pl
Ru-complex (0.23 M) was added to 200 pl SecA (5 mg/ml) in 0.2 M
carbonate buffer pH 8.35 followed by a dowsing for 4 h on ice and
purification of the labeled protein by gel filtration chromatography on
Sephadex G25 (Pharmacia, Uppsala, Sweden), using 50 mM HEPES,
50 mM KCIl, pH 7.5 for elution. The activity of the labeled protein
was assayed by its in vitro preprotein translocation ATP hydrolyzing
capacity.
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2.4. SecA translocation ATPase assay

Translocation ATPase activity of SecA using urea treated vesicles
[26] was measured as described [30] except that the reactions were
supplied with 32 pg/ml SecB.

2.5. Steady state anisotropy measurements

Protein at a final concentration of 0.09 uM (dimer) in 50 mM
HEPES, pH 7.5, 50 mM KCIl, 5 mM MgCl,, 2 mM ATP was titrated
with SecB. The fluorescence emission between 600 and 700 nm (slit
width 8 nm) was monitored in a quartz cuvette equipped with a
magnetic stirrer at an excitation wavelength of 460 nm (slit width
4 nm) and a scan rate of 1 nm/s at 25°C using calcite prism polarizers
in both the vertical (;;) and horizontal (/) optical channels of a
SLM-Aminco 4800C spectrofluorophotometer (SLM-Aminco, Ur-
bana, IL, USA). Spectra were corrected for the volume increase and
background fluorescence. The anisotropy was obtained by measuring
the I;; and I, components of the emission

Iy—I.
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From the anisotropy (r) the rotational correlation time (8) and the
apparent hydrodynamic volume (¥ in m3/molecule) of the protein can
be calculated,

R T B ()

assuming the lifetime (1) of the protein bound fluorophore to be 350
ns, the anisotropy in the absence of rotational diffusion (rg) to be 0.26
[22], and the solvent viscosity (n) to be 1.019x 1072 Ns/m®. R is the
gas constant and T is the temperature in K.

2.6. Light scattering experiments

Light scattering experiments were performed using a DynaPro-801-
TC molecular sizing instrument (Protein Solutions Incorporated, High
Wycombe, UK). DLS of SecB (2 mg/ml) in 50 mM HEPES pH 7.5,
50 mM KCl, 5 mM MgCl,, and 2 mM nucleotide was measured at
25°C. Ten or more independent measurements were made from each
sample and the reported values are calculated arithmetic means. The
output from the dynamic light scattering is the translational diffusion
coeficient Dy (m?/s) of the particles in solution. Under the assump-
tion of Brownian motion and spherical particles, this coefficient is
converted to the hydrodynamic radius Ry in m, of the particles using
the Strokes-Einstein equation:

kT
"~ 6IInDr

" 3)
where ky, is Boltzmann’s constant, T is the temperature in Kelvin, and
7 is the solvent viscosity and assumed to be 1.019x 1072 Ns/m?. A
measure of the molecular asymmetry is the ratio Rg/Rg, where Rg is
the geometric radius for a sphere, i.e.

1
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V,, is the partial specific volume of the protein, which is 0.74 ml/g for
an average protein, M, is molecular mass of the protein, and N, is
Avogadro’s number. The ratio Ry/Rg may be greater than unity for
spherical particles that are solvated, i.e.
Ry [V, + 8]
Rs | ¥,

()

where 8V accounts for the volume of the solvation shell (ml/g) [31].

3. Results and discussion

The interaction between SecB and SecA in solution by ani-
sotropy fluorescence spectroscopy was studied using Ru-com-
plex labeled SecA to be able to discriminate between the
bound and unbound SecB. The physical basis of these meas-
urements is the polarization or anisotropy of the emitted light
when the sample is excited with vertically polarized light. In
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vitrified solution, i.e. without rotation, part of the polarized
light will be emitted as polarized light (ry). In any other sol-
ution the molecules will rotate which causes a deviation of the
polarization plane of the light or a decrease in the polarization
or anisotropy (r). The degree of depolarization depends on the
lifetime of the fluorophore (i.e. the time between photon ab-
sorption and emission). Information on the rotational motion
is available over a time range extending to about 3 times the
fluorescence lifetime, after which there is too little signal for
accurate anisotropy measurements. Because the lifetimes of
typical fluorophores range from 1 to 10 ns, it is difficult to
determine the rotational hydrodynamics of larger proteins or
membrane bound proteins. The asymmetrical Ru-complex
(Ru(bpy)2(dcbpy)) has a high anisotropy in the absence of
rotational motions [21]. Upon excitation with 460 nm light,
the Ru-complex emits light at 650 nm with a fluorescence
lifetime of about 400 ns. The covalent coupling of the Ru-
complex to a protein shifts its emission wavelength approxi-
mately 10 nm (Fig. 1) to lower energy and its lifetime to 350
ns which enables the measurement of rotational correlation
times up to 1.2 ps. This corresponds to the rotation of a
spherical complex as big as 4000 kDa.

3.1. Anisotropy of Ru-labeled SecA in the absence and presence
of nucleotides

Using the labeling conditions as described in Section 2,
SecA was moderately labeled and fully active as judged by
its preprotein translocation ATPase activity (results not
shown). Like other proteins, the Ru-labeled SecA shows a
shift of about 10 nm in absorbance spectrum compared to
the free Ru-complex (Fig. 1). A rotational correlation time,
0, of Ru-labeled SecA of 50 ns and a hydrodynamic volume of
V=202 nm®/molecule were calculated from the anisotropy
using Eq. 2. A theoretical volume V=318 nm’/molecule
can be calculated using the partial specific volume of 0.74
ml/g protein [30], a hydration of 0.2 g H,O/g protein [22],
and a molecular mass of 204 kDa for the dimer in the equa-
tion V=M, (V,+h). Introducing this value into Eq. 2 gives a
rotational correlation time 0y of 73 ns. The fact that the
apparent 0 is smaller than 6, indicates that the protein either
contains domains with an individual freedom of motion, or
that some of the anisotropy is lost due to fast motions of the
bound Ru-complexes.

Addition of 5 mM MgCl, and 2 mM ATP increased the 6
and ¥V of the protein by 40% each (Table 1). This results in a 6
of 82 ns which is somewhat larger than the theoretical 6y of 73
ns. An increase in hydrodynamic volume of Bacillus subtilis
SecA in the presence of Mg?* and nucleotide compared to the

Table 1
Rotational correlation times of Ru-labeled SecA and its derived ap-
parent molecular volume and radius

Sample 0 (ns) S.D. (ns) 7 (nm®)  R® (nm)
Ru-SecA* 49.2 17.2 202 3.64
+MgCl, 65.3 254 269 4
+ATP 82.3 153 339 4.32
+SecB 117.4 18.7 483 4.87

2Volume per molecule calculated using Eq. 2.

PRadius is calculated assuming the protein to be spherical. Using Eq.
4 and the molecular weight of a SecA dimer of 204 kDa, a hypo-
thetical radius of 3.92 nm can be calculated.

“The data are the average of four experiments, S.D. is standard devi-
ation.
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nucleotide free protein was also observed by dynamic light
scattering (DLS) measurements [32]. SecA consists of at least
two domains of similar size and the interaction between these
domains is stabilized by the presence of nucleotides [32]. It is
possible that these domains are connected by a flexible linker
region which gives the domains a largely individual rotational
freedom of movement. In the absence of nucleotides the pro-
tein would be expected to behave as a protein of about half its
actual size with a 6y of about 38 ns. This correlates with the
observed apparent 6 of 49 ns of SecA (Ru(bpy)z(dcbpy)) in
the absence of nucleotides (Table 1). The increase of 6 to 82
ns in the presence of nucleotides (Table 1) therefore indicates
a decrease in the motional freedom of the SecA domains.

3.2. Determination of the affinity of SecB for SecA and the
stoichiometry of the complex

It is assumed that SecA in vivo will be in a nucleotide
bound state. Therefore, Ru-labeled SecA was titrated with
SecB in the presence of 5 mM MgCl, and 2 mM ATP (being
the most abundant adenosine in the cell). The anisotropy was
measured as above at an excitation wavelength of 460 nm and
an emission of 620-660 nm. The best fit (S.D.£25%) for the
Scatchard [33] analysis of the anisotropy data was obtained
when a stoichiometry of one SecB tetramer binding site per
SecA dimer was assumed (Fig. 2). A similar binding stoichi-
ometry was recently demonstrated for the binding of SecB to
the SecYEG bound SecA [3]. However, the determined appar-
ent Kp of 1.6£0.5 pM for the binding of SecB to SecA in
solution is at least 50 times higher than the reported Kp of
about 30 nM for the binding of SecB to membrane bound
SecA [3]. This huge difference in affinity, in combination with
the increased concentration of SecA at the membrane (due to
the localization), will specifically direct the cytosolic SecB to
the membrane bound SecA. It seems feasible that this might
function as a mechanism to enhance the efficiency of prepro-
tein targeting by SecB to the membrane. Membrane associ-
ated SecA has a higher affinity (Kp 10 nM [3]) for SecB in the
presence than in the absence of preproteins. The Ru-labeled
SecA complexed with SecB was able to bind proOmpA as
indicated by an increase in 6 of about 30%. Because stable
proOmpA-SecB complexes can only be maintained in the
presence of an excess of SecB due to the high association
and dissociation rates of these complexes [12], it is not possi-
ble to determine the affinity of proOmpA-SecB complexes for
soluble SecA by equilibrium anisotropy measurements.
Although preprotein-SecB complexes can readily be isolated
from cytosolic fractions [10], binary SecA-SecB complex have
not yet been isolated in vivo. The ternary complex of prepro-

Table 2
Determination of the apparent molecular weight of E. coli SecB* at
25°C by dynamic light scatter measurements®

Buffer Dre Ry MW Polydispersity
50mM (1078 m?s) (@mM) (kDa) (nm)

A 615 (1) 3.90 (0.00)  79.5(0.3) 0.14 (0.09)

B 579 (2) 4.07 (0.01) 903 (1.0) 1.62 (0.01)

2SecB concentrations were 1 and 3 mg/ml, respectively.

bThe data are based on at least 10 measurements.

“Translational diffusion coefficient.

dHydrodynamic radius of gyration. A: 50 mM Tris-HCI pH 8.0; B:
50 mM HEPES KOH pH 7.5, 50 mM KCl, 5 mM MgCly, 2 mM
ATP.

The standard deviation is indicated in parentheses.
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Fig. 1. Emission spectrum of E. coli SecA (Ru(bpy)2(dbpy)) and
free probe. Dotted line, emission spectrum of SecA (Ru(bpy).(db-
py)); solid line, emission spectrum of the free probe in 50 mM
HEPES pH 7.5, 50 mM KCl. Excitation at 460 nm.

tein, SecB and SecA has only been isolated in a cell free
export system [20]. Therefore, it scems unlikely that the affin-
ity of preprotein-SecB complexes would be higher for the
soluble SecA than for the membrane associated SecA.

3.3. Comparison of the size of SecB as determined by DLS
and anisotropy spectroscopy

Upon binding of SecB, the apparent hydrodynamic volume
of Ru-labeled SecA increased by 40+ 6%. Based on the mo-
lecular mass of 69.2 kDa of SecB an increase of 34% was
expected. However, DLS experiments show that SecB behaves
as a particle with an apparent molecular mass of 80 kDa in 50
mM Tris-HCL In the presence of salt and Mg?* ATP, its
apparent molecular mass increases to 90 kDa (Table 2). As
an unhydrated solid sphere SecB is expected to have a radius
of 2.73 nm (Eq. 4), whereas the hydrated radius seems to be
4 nm (Table 2). Introducing both radii into Eq. 5 yields a
volume for its hydration shell 8Vy of 1.68 ml/g protein, which
clearly indicates that the protein contains much more water
accessible surface than expected for a spherical protein. It can
be concluded that shape asymmetry contributes to the Ry/Rg
ratio, and this asymmetry seems to be more pronounced at
higher ionic strengths. Similar ionic strength conditions in-
creased the binding of ANS, which has an affinity for hydro-
phobic amino acid clusters, to SecB [34]. This also indicates
that the ionic strength of the solvent influences the conforma-
tion of SecB. It could for instance be ellipsoid or spherical
with a cavity. Using this molecular mass, an increase in ap-
parent hydrodynamic volume of 40% is to be expected, which
correlates well with the data obtained by the anisotropy meas-
urements. A similar increase in 6 of Ru-labeled SecA upon
binding of SecB in the presence of ATP as in the presence of
ADP was observed.

The results presented here provide a measure of the affinity
of the SecB-SecA interaction in solution. The affinity of inter-
action is 50-fold poorer than that of the binding of SecB to
membrane associated SecA [3], further underscoring the pro-
posed targeting function of SecB [2]. Moreover, the best fit of
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Fig. 2. Anisotropy of E. coli SecA (Ru(bpy)2(dbpy)) in the presence
of increasing SecB concentrations. Scatchard plot with a Kp of 1.6
uM for the SecB tetramer assuming a complete ligandation of the
SecA dimer. Inset, fitted line showing the increase in anisotropy
plotted against the SecB (as tetramer) concentration in pM.

the binding data by Scatchard analysis suggests that the bind-
ing stoichiometry is one tetrameric SecB per SecA dimer. This
value is identical to that reported for the membrane bound
SecA [3]. SecB binds to the carboxyl-terminal region of SecA
[3,35], and studies with refolded heterodimers of wild-type
SecA and SecANS880, a deletion mutant that lacks the highly
conserved SecB binding domain, demonstrate that both car-
boxyl termini of the SecA dimer are needed to form a genuine
SecB binding site [3]. Given the low SecB binding affinity of
soluble SecA, it thus appears that the SecA conformation is
triggered for SecB binding once it has associated with the
SecYEG complex at the membrane. The changes in the ap-
parent 0 of Ru-labeled SecA in the absence and presence of
nucleotides suggest that the two thermodynamically discern-
able domains of SecA [32] are possibly connected by a flexible
linker region.
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