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Abstract: Protein export mediated by the general secretory Sec system in Escherichia coli
proceeds by a dynamic transfer of a precursor polypeptide from the chaperone SecB to the SecA

ATPase motor of the translocon and subsequently into and through the channel of the membrane-

embedded SecYEG heterotrimer. The complex between SecA and SecB is stabilized by several
separate sites of contact. Here we have demonstrated directly an interaction between the N-

terminal residues 2 through 11 of SecA and the C-terminal 13 residues of SecB by isothermal

titration calorimetry and analytical sedimentation velocity centrifugation. We discuss the unusual
binding properties of SecA and SecB in context of a model for transfer of the precursor along the

pathway of export.
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Introduction

The general secretory, or Sec, system in Escherichia

coli transfers precursor polypeptides through the

cytoplasmic membrane into the periplasmic space.

This translocation must occur before the polypep-

tides have acquired stable tertiary structure. To ac-

complish this, the export system comprises not only

a pathway through the membrane, the SecYEG

translocon, but also cytosolic proteins that bind the

precursor polypeptides before they fold. Although

SecA, the ATPase motor of the secretion machine,

can interact directly with non-native precursor poly-

peptides, often SecB, a small cytosolic chaperone,

first interacts with the ligand. Subsequent binding

of SecA forms a ternary complex, which engages the

translocon through the affinity of SecY for SecA.

Binding of the complex to the translocon results in

stimulation of the ATPase activity of SecA, and a

cycle of ATP binding, hydrolysis and release is

coupled to the movement of the precursor through

the translocon. To achieve translocation, the system

must transfer the ligand from the chaperone SecB to

SecA and through the channel of SecYEG.

Unfolded ligands bind to SecB with high affinity

through extensive contacts over most of the surface

of the chaperone. For most efficient translocation,

two protomers of SecA (protomer mass, 102 kDa)

must be present in complex with the ligand-bound

SecB.1 The binding between SecB and SecA involves

multiple areas of contact. The side of the SecB tet-

ramer, which is a flat eight-stranded b-sheet, and

the extreme C-terminal 13 aminoacyl residues of

SecB have been shown to serve as contact sites for

SecA.2–4 The surface on SecA that interacts with

SecB overlaps with the surface that binds precursors

as well as that which binds the SecYEG translo-

con.5–7 Transfer of the ligand among these binding

partners is a dynamic process in which the contacts

between given proteins are likely to be replaced by

contacts with other partners.

To further elucidate this process, we have used

isothermal titration calorimetry and analytical
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centrifugation to define the cognate binding site on

SecB for the amino terminus of SecA.

Results and Discussion

The first identified site of interaction between SecA

and SecB was that between the flat b-sheet of SecB

and the zinc-containing C-terminal 21 residues of

SecA.8,9 The existence of additional sites of contact

became apparent when it was demonstrated that a

truncated form of SecA (SecAN880) missing the 21

carboxyl-terminal residues retained the ability to

form stable complexes with SecB.10 It was concluded

that these complexes were stabilized by interactions

with the C terminus of SecB because a truncated

species of SecB, SecB142, which lacks the C-termi-

nal 13 aminoacyl residues was unable to form a com-

plex with SecAN880.3 The cognate binding site on

SecA for the C-terminal tail of SecB was shown indi-

rectly to be the amino terminus of SecA. This conclu-

sion was based on the demonstration that if the pro-

teins could not form the contact between the zinc

site and the side of SecB, then additional removal of

aminoacyl residues 2 through 11 rendered SecA

incapable of binding SecB.4

To further investigate this interaction, we syn-

thesized a peptide mimic of residues 2 through 11 of

SecA. We herein show that this decapeptide com-

petes with SecA for binding to SecB using analytical

ultracentrifugation and further determine the ther-

modynamic parameters of the interaction using ti-

tration calorimetry.

We begin with a description of the calorimetric

studies. Interaction of the peptide was examined

with both wild-type full-length SecB and a series of

SecB proteins truncated from the C terminus (Fig. 1).

Binding studies were performed at 8�C in Tris,

imidazole, and Hepes buffers at pH 7.6. Figure 2 dis-

plays representative data for the titration in Tris

buffer of full-length, wild-type SecB with the pep-

tide. The injection heats measured in the presence of

Hepes are significantly larger than those measured

in Tris, indicating that association of the peptide

with SecB is accompanied by deprotonation. The

slope of a plot of the observed DH as a function of the

enthalpy of ionization of the buffer (Fig. 3) suggests

that the binding event is accompanied by the release

of �0.2 proton at pH 7.6. The intercept of the plot

provides an estimate of the intrinsic binding en-

thalpy, independent of buffer ionization, �5 kcal/mol.

Because DG for the reaction is negative, this

positive, energetically unfavorable, value for en-

thalpy indicates that the DS term is favorable (i.e.,

positive) because DG ¼ DH � TDS. Clearly, the driv-

ing force for association of the peptide with SecB is

entropic. Although the predicted net charge of the

SecA peptide is þ3 at pH 7.6, the sequence is pre-

dominantly hydrophobic. Thus, the observed binding

energetics may include a large contribution from

peptide desolvation and the accompanying decompo-

sition of clathrate structures: enthalpically unfavora-

ble and entropically favorable.

The interaction of SecB and the peptide was

also examined using SecB variants harboring dele-

tions from the C terminus of 10–13 aminoacyl resi-

dues (Fig. 1). The corresponding binding parameters

are summarized in Table I. Although removal of the

C-terminal 10 residues from SecB, to produce

Figure 1. Position of C-terminal truncations of SecB. SecB comprises 155 aminoacyl residues. The sequence is given from

residue 140 to the end with positions of truncations indicated by arrows.

Figure 2. Binding of SecA peptide to SecB. Wild-type

SecB was loaded into the cell at a concentration of 17 lM
tetramer in 20 mM Tris-Cl, 50 mM KOAc, 5 mM Mg(OAc)2,

pH 7.6. The peptide (held in the syringe at 3.3 mM) in the

same buffer was added in a sequence of 15 injections of

15 lL after a first injection of 2 lL, which is included to

expel any air that might be in the tip of the syringe. The

heat of the 2 lL injection is not included in the analysis.

(Upper) Raw data. (Lower) Integrated area of heat as a

function of the molar ratio of the reactants.
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SecB145, had little impact on the association with

the SecA peptide, further truncation of SecB by re-

moval of one amino acid at a time resulted in step-

wise decreases in affinity. The removal of the entire

13 amino acid C-terminal tail resulted in a total loss

of 1.1 kcal/mol in free energy of stabilization (DDG) of

the complex. Half of that loss (0.55 kcal/mol) occurred

upon removal of amino acid Gln143 (Fig. 4).

The fact that binding to the tail of SecB is

enthalpically unfavorable is consistent with the ob-

servation that the truncated SecB, SecB142, binds

SecA with a threefold higher affinity than does the

full-length SecB.11 This result supports the idea that

the energetically unfavorable contact is present in

the native SecA:SecB complex. Furthermore, it is of

interest that the addition of one amino acid, Gln143,

had the greatest effect on binding by SecB to both

full-length SecA and to the N-terminal peptide, even

though the effects were in opposite directions.

To demonstrate directly that the interaction

between the N-terminal region of SecA and the C-

terminal tail of SecB is present within a complex

between full-length proteins, we carried out sedi-

mentation velocity centrifugation of equimolar mix-

tures of SecA and SecB in the presence and absence

of the SecA peptide.

When protein is loaded into a sample cell and

subjected to centrifugation, the boundary of protein,

which moves away from the meniscus, not only sedi-

ments with time but also spreads because of diffu-

sion [Fig. 5(A)]. Analysis of SecA-SecB interaction is

complicated because the system contains multiple

species which are in equilibrium. Therefore, it is ad-

vantageous to extract the s value independently of

the diffusional spreading by using the method of van

Holde and Weischet12 (for a detailed description see

Demeler et al.13). In this analysis, the sedimenting

boundaries are divided into 50 equally spaced seg-

ments along the concentration axis, and the appa-

rent sedimentation coefficient, s*, is calculated for

each segment. Plots of s* as a function of the inverse

of the square root of time allow extrapolation to infi-

nite time [Fig. 5(B)]. Because diffusion is propor-

tional to the square root of time, whereas sedimenta-

tion is proportional to the time of centrifugation, the

effect of diffusion is eliminated.

Figure 3. Dependence of observed DH on heat of

ionization of buffers. The buffers used and their

corresponding enthalpy of ionization at 8�C were Hepes,

4.8 kcal/mol; imidazole, 8.75 kcal/mol; and Tris, 11.5 kcal/

mol. The solid line is the linear regression analysis that

gives a slope of �0.2 (the number of protons released to

solvent per mole of complex formed) and an intercept of

�5 kcal/mol (the corrected DH of binding). The titration in

Tris was carried out four times, in imidazole once, and in

Hepes twice. The standard deviation is shown. The

standard deviation is contained within the data point

for Tris.

Table I. Thermodynamic Parameters for Interaction of Peptide with SecB

Protein species Kd (lM) DG (kcal/mol) DH (kcal/mol) TDS (kcal/mol)

SecB 32 6 1 �5.78 2.79 6 0.07 8.57
SecB145 35 6 3 �5.73 2.06 6 0.08 7.79
SecB144 52 6 2 �5.50 2.17 6 0.07 7.67
SecB143 85 6 7 �5.23 1.99 6 0.18 7.22
SecB142 224 6 23 �4.69 2.51 6 0.20 7.20

The relationships used to obtain Kd and TDS are: Kd ¼ 1/Ka, DG ¼ �RTlnKa, and DG ¼ DH � TDS.

Figure 4. Effect on the free energy of stabilization by

truncation of SecB. The values of DDG were calculated

from data given in Table I. The line is drawn to aid the eye.
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Figure 5 shows the raw data [Fig. 5(A)] and the

analysis [Fig. 5(B)] of the sedimentation of SecA

loaded into the cell at 4 lM dimer. The distribution

plot for SecA [Fig. 5(C), black circles] shows that the

majority of the population has a sedimentation coef-

ficient of 6.3 S with slightly lower s values at low

concentrations. This behavior is consistent with the

known tendency for SecA to dimerize with an equi-

librium constant of �1 lM.14

An equimolar mixture of SecA and SecB com-

prises multiple species. The proportion of the popu-

lation that is in complex is a function of the equilib-

rium constant for the complex (Kd 1.5 lM)11 and the

concentration of the proteins loaded in the cell (4

lM SecA dimer:4 lM SecB tetramer). Thus, the sam-

ple exhibits a distribution in which the s value

smoothly increases as a function of concentration

[Fig. 5(C), red circles].

Addition of the SecA peptide to the SecA:SecB

mixture causes a change in the sedimentation

behavior so that the population sediments more

slowly [Fig. 5(C), blue squares]. Because addition of

the peptide to either SecA or SecB alone caused no

change in s value (data not shown), we conclude

that the peptide competes with the N terminus of

SecA for binding. Further evidence that the peptide

acts by breaking the contact between SecA and

SecB is provided by analysis of the complex

between SecA and the truncated SecB, SecB142,

which binds the peptide only weakly (Table I).

Addition of the peptide to this complex caused no

change in sedimentation behavior [Fig. 5(C), com-

pare light blue triangles with gray open triangles].

It is remarkable that the free SecA decapeptide

competes with the C-terminal tails on SecB, which

is held in complex with SecA through other

Figure 5. Sedimentation velocity centrifugation. (A) Raw data. The analytical ultracentrifuge cell contained SecA at 4 lM
dimer in 10 mM Hepes-KOH, 300 mM KOAc, 5 mM Mg(OAc)2, 1 mM TCEP, pH 7.6. Thirty-five successive scans are shown

to display the sedimenting boundary. Scans three through 35 were subjected to analysis as shown in B. (B) van Holde and

Weischet analysis.12 Each point is the apparent sedimentation coefficient (s*) of each fraction of the boundary, and each

vertical array of 50 points represents one boundary. Each line is the best fit through the points for a particular boundary

fraction. (C) Distribution plot of extrapolated s values. Protein samples were subjected to centrifugation, and the raw data

were analyzed as described above. The intercepts of each line in the van Holde and Weischet analysis were plotted versus

the boundary fraction to which the line pertained. The samples subjected to analysis were SecA (black circles), SecA:SecB

(red circles); SecA:SecB and N-terminal SecA peptide (blue squares); SecA:SecB and both the N-terminal SecA peptide and

zinc-containing peptide (green squares); SecA:SecB142 (light blue triangles); SecA:SecB142 and N-terminal SecA peptide

(gray open triangles); SecA:SecB142 and both the N-terminal SecA peptide and zinc-containing peptide (brown triangles);

SecAdN10:SecB142 (purple open circles). The proteins were present at 4 lM SecA dimer:4 lM SecB tetramer, 120 lM N-

terminal peptide and 40 lM zinc-containing peptide.
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interactions. The peptide was added at a concentra-

tion fourfold over the dissociation constant (120 lM
vs. 32 lM) and at only a 7.5-fold molar excess over

the concentration of the tails on the SecB in com-

plex (120 lM vs. 16 lM), which have the advantage

of being tethered to SecA.

To demonstrate that the more slowly sediment-

ing complex has the same stoichiometry as that of

the wild-type complex with all contacts in place

(SecA dimer:SecB tetramer) a peptide mimic of the

C-terminal zinc-containing site on SecA was added.

This peptide has been demonstrated previously to

release one protomer of SecA by disrupting contact

between the SecA C terminus and its binding site on

SecB.4 As expected, after addition of the zinc-con-

taining peptide to mixtures containing SecA, SecB

(either full-length SecB or the truncated SecB142),

and the N-terminal SecA peptide the populations

display distributions of s values [Fig. 5(C), green

squares and brown triangles] characteristic of an

equilibrium mixture in which the complex comprises

one protomer of SecA bound to tetrameric SecB. The

sedimentation profile of a mixture of SecAdN10

(SecA having amino acids 2 through 11 deleted) and

SecB142, which were shown previously to form a

complex of stoichiometry SecA protomer:SecB tet-

ramer,4 is included for reference [Fig. 5(C), purple

open circles].

Concluding Remarks

We have shown previously that SecA interacts with

its diverse partners using one surface comprising

multiple overlapping binding sites.5 The residues

involved in contacts lie on one face of SecA along the

mouth of a wide cleft (Fig. 6). They are distributed

along the long helix of the helix scaffold domain

(HSD), on a short linker helix, which connects the

HSD to nucleotide binding fold 2 (NBD2), and near

the amino terminus. Additional sites of interaction

extend from this face into the cleft and are located

on the precursor binding domain (PBD). The fact

that the multiple ligands, which include lipids, the

translocon SecYEG, SecB and precursor polypep-

tides, share a common surface with overlapping sites

for binding on SecA may be crucial to function in

export. To ensure that polypeptides arrive at the

translocon in an unfolded state that is compatible

with transfer through the channel, the chaperone

SecB binds them before they acquire stable tertiary

structure. SecA then joins the complex. In the for-

mation of this ternary complex, SecB binds the

amino terminus of SecA. These same residues on

SecA make interfacial contacts in the antiparallel

dimer in which the PBD adopts the closed form.15

Opening of the dimer interface by SecB might allow

the SecA protomers to undergo conformational

changes to acquire the open state seen in the struc-

ture of the SecA monomer.16 The formation of the

cleft that results from rotation of the PBD would

poise SecA to receive the precursor polypeptide,

which is wrapped around the surface of SecB. In

subsequent steps, the amino terminus of SecA would

release SecB so that it could interact with its other

demonstrated binding partners: lipids and the

SecYEG translocon. This dynamic interplay is likely

to involve the making and breaking of subsites of

interaction to accomplish transfer without complete

dissociation of the complexes. In this context, it is

noteworthy that, even though both proteins display

twofold symmetry, the binding between SecA and

SecB is asymmetric. When the interaction between

the zinc site on SecA and the side of SecB is dis-

rupted, only one protomer of SecA is released.4 If

release from SecB were accompanied by the transfer

of a portion of the precursor to the free protomer,

the protomer might bind SecY using the surface for-

merly occupied by SecB. The protomer could then

transfer a stretch of polypeptide, whereas the second

protomer would remain bound to SecB and the re-

mainder of the precursor. This idea is supported by

our previously published observation that when

SecB is involved in export the efficient transfer of

the polypeptide requires the participation of two pro-

tomers of SecA.1,4

It is of interest that, depending on the context

within the SecA:SecB complex, interaction with

the C-terminal 13 aminoacyl residues of SecB can

be stabilizing or destabilizing. When all possible

interactions between SecA and SecB are present

in the complex, the SecB tails make an unfavora-

ble contribution to the binding energy. If interac-

tion between the SecA zinc-site and the side of

SecB is disrupted, one protomer of SecA com-

pletely dissociates and, in that case, contact with

the SecB tails stabilizes the binding of the other

protomer. In fact, as a result of enthalpic/entropic

compensation, the affinity is the same for both

types of complex.

In conclusion, the complexes between SecA and

SecB display properties that may be vital to efficient

transfer of the unfolded precursor polypeptide along

the pathway of export. The asymmetric nature of

the binding and the enthalpic/entropic compensation

allows one protomer of SecA to dissociate without

changing the binding of the other. Additionally sites

of binding are common to several partners. The

SecA amino terminus has been shown to interact

with precursors,5 lipids,5,17,18 and SecYEG.5,7 Here

we have characterized the specific interaction

between the SecA amino terminus and the C-termi-

nal tails of SecB. It seems likely that the contact

between SecA and the SecB tails must be broken so

that the amino terminus of SecA is free to bind other

partners along the pathway of transfer of polypep-

tides through the membrane.
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Materials and Methods

Protein purification
Wild-type SecB and the truncated variants were puri-

fied using the published procedure as described.4 Con-

centrations of SecB species were determined spectro-

photometrically at 280 nm, using a molar absorptivity

of 47,600M�1 cm�1 for the SecB tetramer.

Peptide synthesis
A peptide with the sequence LIKLLTKVFG with the

terminal carboxylic acid blocked by amidation was

synthesized with the multiple peptide synthesizer

396 Omega from AAPPTec (Louisville, KY), using

standard Fmoc chemistry and solid-phase synthesis.

The peptide was purified by preparative reverse-

phase HPLC (Beckman Coulter, Brea, CA). The final

product was subjected to analytical HPLC and ESI-

MS (Finnigan, Thermo Scientific, Waltham, MA)

and found to be greater than 98% pure with a molar

mass of 1129.7 (calculated mass, 1130.8).

Titration calorimetry
SecB (17 lM tetramer) was titrated with the N-ter-

minal SecA peptide (3.3 mM) at 8�C in a VP-ITC

(MicroCal LLD, Northampton, MA). Injections of

peptide (15 lL each) were made at 500 s intervals.

The titration protocol also included a 2 lL preinjec-

tion, the heat from which was neglected during anal-

ysis. For all titrations summarized in Table I, sam-

ple and titrant were both prepared in 20 mM Tris,

50 mM KOAc, and 5 mM Mg(OAc)2, pH 7.6. The

heat effects associated with injection of the concen-

trated SecA peptide into buffer alone were constant

(data not shown), indicating that the peptide does

not undergo concentration-dependent self-association

under these experimental conditions. Data from two

(SecB142, SecB145), three (SecB, SecB143), or four

(SecB144) experiments were subjected to simultane-

ous (global) nonlinear least-squares minimization,

using Origin v. 7.5 (OriginLab, Northampton, MA).

The injection heat for the ith titrant addition

was fit to the following equation:

qi ¼ ðQi �Qi�1Þ þ
dV

2Vo
ðQi þQi�1Þ þ bl (1)

where Qi and Qi�1 are the cumulative heats follow-

ing the ith and (i � 1)th injections, dV is the injec-

tion volume, Vo is the calorimeter cell volume, and

bl is the heat of titrant dilution. The second term in

Eq. (1) corrects for the heat associated with the solu-

tion displaced from the sample cell by the titrant

addition. The cumulative heat following the ith

injection is equal to

Qi ¼ n VoDH½MX�i (2)

where n is the reaction stoichiometry, DH is the

apparent enthalpy of binding, and [MX]i is the con-

centration of the complex between SecB and the N-

terminal SecA peptide. The latter value is given by

Figure 6. The surface on SecA that binds ligands. The contact sites for the binding partners of SecA including precursors,

SecB, lipids and SecYEG are shown in red. The CPK model of the protomer of SecA (PDB ID 2FSF with the PBD modeled in

by A. Economou) is colored by domain: NBD1 (yellow), NBD2 (light brown), linker helix (green), HSD (blue), PBD (pink), two-

helix finger (dark brown), the helical wing domain, HWD, (purple). The first residue at the N terminus that is resolved (Val9) is

the red CPK model indicated by the asterisk. The final 65 residues from the C terminus were not resolved but would emerge

from residue Glu836 indicated by the arrow. The identification of the individual residues which contact each of the ligands

can be found in our previous publication.5

½MX�i ¼
ð½M�t þ ½X�t þ 1=KaÞ � ð½Mt� þ ½X�t þ 1=KaÞ2 � 4½M�t½X�t

h i0:5

2
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where [M]t is the total SecB concentration, [X]t is

the total peptide concentration, and Ka is the pep-

tide association constant. Ka and DH are global pa-

rameters, varied to maximize agreement between

the observed and calculated values for each of the

replicate experiments. The global least-squares

treatment permits the stoichiometry and heat of

dilution, bl, to be treated as titration-specific local

parameters. The stoichiometry for all titrations was

near one per monomeric subunit. The average value

for the 14 titrations was 1.03 6 0.08 (the error is

the standard deviation).

In experiments to determine heat of protona-

tion, the solutions contained the same salts buffered

at pH 7.6 with Hepes, imidazole, or Tris. The values

used for the change in enthalpy of buffer ionization

at 8�C were calculated using values for changes in

enthalpy and heat capacity for deprotonation of the

buffers taken from the literature.19,20

Analytical centrifugation

Solutions containing mixtures of proteins at the con-

centrations indicated in 10 mM Hepes-KOH, 300 mM

KOAc, 5 mM Mg(OAc)2, 1 mM tris(2-carboxyethyl)

phosphine (TCEP), pH 7.6 were subjected to centrif-

ugation by using the XL-I ultracentrifuge (Beckman

Coulter, Brea, CA). Samples (415 lL) were loaded

into cells with two-sector centerpieces in the An-

60Ti rotor, and after equilibration to 6�C, were cen-

trifuged at 48,000 rpm for 3 h. Absorbance was

measured as a function of radial position at 280 nm,

at 5 min intervals. The data were analyzed by the

method of van Holde and Weischet,12 using the

UltraScan Data Analysis Program, version 9.9, from

Borries Demeler (University of Texas Health Science

Center, San Antonio, TX). The values used for den-

sity and viscosity of the buffer relative to water

were 1.014 and 1.063, respectively. The s values

reported are corrected to water at 20�C.
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