


Figure 1. Methyl-TROSY Spectra of the Full-Length 204 kDa SecA

(A) Structural model of dimeric E. coli SecA (PDB 2FSF) displayed as a semitransparent solvent-accessible surface. The methyl groups are displayed

as spheres. The color code is as follows: Ile, orange (54 residues); Leu, light blue (82 residues); Val, dark blue (59 residues); and Met, green (33 res-

idues). The two protomers are colored differently.

(B) Structural model of one of the protomers of dimeric E. coli SecA colored according to domain organization.

(C–E) 1H-13C HMQC spectra of SecA (C) U-[2H,12C],Val, Leu-[13CH3,12CD3], (D) U-[2H,12C], Ile-d1-[13CH3], and (E) U-[2H,12C], Met-[13CH3]. In (C),

expanded views of the crowded areas of the spectrum are shown. In (D), regions of the spectrum of unliganded SecA (orange) are overlaid with

the spectrum of SecA bound to the KRR-LamB signal sequence (magenta).
from nonsecretory proteins. As such, this binding interac-

tion must be of extreme fidelity. One of the most intriguing

aspects of SecA is its capacity to recognize hundreds of

different signal sequences characterized by the lack of

any consensus in their primary sequence. Their only com-
C

mon characteristic is a stretch of hydrophobic residues

preceded by positively charged residues in the N terminus

(von Heijne, 1985; Gierasch, 1989). To date, how SecA ac-

complishes this challenging task of promiscuous binding

remains a conundrum.
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Here, we have used NMR spectroscopy to structurally

characterize the interaction of full-length SecA with func-

tional signal peptides. By exploiting recent advances in

isotope labeling and NMR methodology, we have been

able to observe and assign the methyl side chains of

a large number of SecA residues. Structure determination

of the SecA-signal peptide complex demonstrates that

the peptide forms an a-helix and binds by using both its

hydrophobic and charged regions into a flexible and

elongated groove in SecA. Signal-peptide binding to

SecA is restricted by an autoinhibitory mechanism, which

is relieved by the SecB chaperone. Interestingly, SecA

appears to undergo a large conformational change in

solution that might potentially be coupled to the protein

translocation mechanism. The combined data not only ex-

plain how SecA might achieve the promiscuous recogni-

tion of a large set of signal sequences but also provides

insight into how the Sec nanomachinery might ultimately

be assembled.

RESULTS

Methyl Transverse Relaxation Optimized
Spectroscopy of the 204 kDa SecA
To tackle the 204 kDa SecA, we employed recently devel-

oped specific labeling schemes (Sprangers et al., 2007)

tailored to overcome resonance broadness and overlap.

Specifically, we have produced samples with the methyl

groups of Ile, Leu, Val, and Met residues of SecA proton-

ated, in an otherwise completely deuterated background

(Figure 1A). The methyl groups of these four residues are

excellent probes as they are abundant (220 out of the total

901 residues per protomer) and are distributed throughout

SecA (Figure 1A). We used methyl transverse relaxation

optimized spectroscopy (TROSY) (Sprangers and Kay,

2007) to optimize both sensitivity and resolution. The re-

corded 1H-13C heteronuclear multiple quantum (HMQC)

spectra are of exceptional quality for all four residues

(Figures 1C–1E).

The large size of SecA precludes the use of traditional

assignment protocols. For this reason, we followed a do-

main-parsing strategy. Virtually all domains of SecA and

a number of fragments comprising contiguous domains

have been isolated and characterized by NMR (Figure 2).

Assignment of the methyl groups on these relatively small

domains was straightforward with standard methodolo-

gies (Keramisanou et al., 2006). Comparison of the
1H-13C HMQC spectra of the various domains with that

of the full-length SecA demonstrates very good resonance

correspondence (Figure 2 and Figure S1 in the Supple-

mental Data available online). Therefore, the majority of

the assignment of methyl crosspeaks performed in the

isolated domains and fragments could be readily trans-

ferred to the full-length SecA. Assignment was completed

(Figure S2) with 3D NOESY spectra recorded on full-length

SecA (Figure S1C). We also used mutagenesis to resolve

ambiguities that primarily existed for residues located at

the interface of domains (Figure S1A).
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Structure Determination of the SecA-Signal
Peptide Complex by NMR
The well-studied functional signal peptide KRR-LamB, de-

rived from the LamB porin (Wang et al., 1993; Triplett et al.,

2001; Chou and Gierasch, 2005), was used. The peptide

binds specifically and stoichiometrically to SecA (one

peptide per SecA subunit; Figure S3A). The peptide sup-

presses the ATPase activity and inhibits translocation (Fig-

ures S3B and S3C), as expected for a functional signal

peptide (Lill et al., 1990). To determine the structure of

the complex, we used simulated annealing of the signal

peptide in the presence of the X-ray structure of free

E. coli SecA (PDB code: 2FSF) by using structural informa-

tion derived from NMR spectroscopy. To obtain distance

restraints between SecA and the signal peptide, we

used site-directed spin labeling (SDSL). SDSL combined

with NMR-detected paramagnetic relaxation enhance-

ment (PRE) rates has been frequently used for determining

high-resolution structures of proteins and their complexes

with various ligands (Battiste and Wagner, 2000; Gross

et al., 2003; Roosild et al., 2005). We introduced a nitroxide

spin label to select positions in the peptide and used

methyl-TROSY experiments to observe the distance-de-

pendent broadening of the methyl resonances of SecA

in the complex (Figure S4). Changes in resonance intensity

induced by peptide binding (Figure S5A) were then con-

verted to distances (see Experimental Procedures). Be-

cause of the large density of methyl probes close to the

peptide-binding site (within �30 Å), a large number of

SecA-signal peptide distance restraints were obtained

(Figure S5B).

We engineered spin labels at different positions in the

signal peptide by converting a single amino acid to cyste-

ine, on which a nitroxide spin label was attached. We used

NMR and isothermal titration calorimetry (ITC) titration of

SecA with the mutant and reduced nitroxide-derivatized

peptides to assess the effect of the mutations and the

presence of the label on peptide binding to SecA (see

also below). Placement of the spin label in the helix re-

sulted in altered binding energetics, presumably because

of steric clash with the protein. Two positions that were

observed to give the most reliable data were K7C at the

N terminus and Q25C at the C terminus (Figure 4A). Place-

ment of the spin label in these positions, rather than closer

to the termini, significantly decreased the mobility of the

spin label, thereby resulting in reduction of nonspecific

broadening. The placement of the spin label in two dif-

ferent positions in the N and C terminus of the peptide

not only increased the number of distance restraints by

roughly 2-fold but also contributed to the better determi-

nation of the relative orientation of the peptide bound to

SecA.

To determine the structure of the signal peptide in

complex with SecA, we used transferred nuclear Over-

hauser effect spectroscopy (trNOESY) and differential-line-

broadening experiments (Matsuo et al., 1999). We probed

the conformation of the peptide bound to SecA by mea-

suring NOEs within the peptide in the presence of a small



Figure 2. Strategy for the Assignment of Methyl Correlations of SecA

Each column in the figure displays a structural model of one of the protomers of SecA with the domain or fragment studied in isolation being high-

lighted, along with the corresponding 1H-13C HMQC of Ile-d1 methyls (displayed as spheres in the model) and the backbone 1H-15N HSQC.

(A) PBD (residues 220–379).

(B) SecADC/DIRA2 (residues 1–420, comprising NBD and PBD).

(C) SecADC (residues 1–610, comprising NBD, PBD, and IRA2).

(D) Full-length SecA (residues 1–901). Only few resonances for the backbone of the full-length SecA are visible (Figure S9).
amount of SecA. In an effort to collect the maximum num-

ber of interpeptide NOEs, we extended previous insightful

studies (Chou and Gierasch, 2005) by recording NOESY

spectra on a 900 MHz spectrometer equipped with a cryo-

probe to increase resolution and sensitivity. The data, in

agreement with the previous study (Chou and Gierasch,

2005), show that although the free peptide is unstructured,

its hydrophobic region (residues Leu13–Val21) adopts an

a-helical conformation when interacting with SecA. The

structure of the peptide was calculated on the basis of

50 intramolecular NOEs. The family of the best ten struc-

tures of the peptide was then used for the determination

of the complex that uses the crystal structure of E. coli

SecA (Papanikolau et al., 2007) as the starting conforma-

tion. The structure of the complex was determined on the

basis of 162 intermolecular distance restraints. The low-

est-energy structure of the complex is shown in Figure 3,
C

whereas the ensemble of the ten best structures is shown

in Figure S6.

Signal Peptide Binds into an Expandable
and Elongated Groove by using Both Hydrophobic
and Electrostatic Interactions
The structural data demonstrate that the signal peptide

binds into a relatively large groove formed at the inter-

face of two domains: the PBD and the IRA1 hairpin

(Figure 3). The groove consists primarily of PBD resi-

dues with a number of IRA1 residues lining only one

side of the groove. The groove is mostly hydrophobic

but is surrounded by a number of polar and charged

residues (Figure 3B). The hydrophobic character of the

groove is highly conserved, although the sequence iden-

tity of the residues that make up the groove is not

(Figure S7).
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