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ABSTRACT: The solution NMR structure of a 22-residue Zn2+-binding domain (ZBD) fromEsherichia
coli preprotein translocase subunit SecA is presented. In conjunction with X-ray absorption analysis, the
NMR structure shows that three cysteines and a histidine in the sequence CXCXSGX8CH assume a
tetrahedral arrangement around the Zn2+ atom, with an average Zn2+-S bond distance of 2.30 Å and a
Zn2+-N bond distance of 2.03 Å. The NMR structure shows that ND1 of His20 binds to the Zn2+ atom.
The ND1-Zn2+ bond is somewhat strained: it makes an angle of approximately 17° with the plane of
the ring, and it also shows a significant “in-plane” distortion of 13°. A comprehensive sequence alignment
of the SecA-ZBD from many different organisms shows that, along with the four Zn2+ ligands, there is
a serine residue (Ser12) that is completely conserved. The NMR structure indicates that the side chain of
this serine residue forms a strong hydrogen bond with the thiolate of the third cysteine residue (Cys19);
therefore, the conserved serine appears to have a critical role in the structure. SecB, an export-specific
chaperone, is the only known binding partner for the SecA-ZBD. A phylogenetic analysis using 86 microbial
genomes shows that 59 of the organisms carry SecA with a ZBD, but only 31 of these organisms also
possess a gene for SecB, indicating that there may be uncharacterized binding partners for the SecA-
ZBD.

In bacteria, many proteins must be translocated across the
cell membrane to function in cell wall biosynthesis, transport,
and signaling. Preprotein translocase, otherwise known as
the “general secretory system”, is the essential multicom-
ponent system that catalyzes most translocation across the
cell membrane. The central components of preprotein trans-
locase are SecYEG, an integral membrane complex, and
SecA, a peripheral ATPase (1). In the presence of the
substrate preprotein, these two components form a complex
and push the preprotein through the membrane by multiple
cycles of ATP hydrolysis (2).

One of the requirements of the translocation reaction is
that the preprotein must be unfolded. To meet this require-
ment, many cells express an export-specific chaperone called
SecB. SecB is a homotetramer that binds unfolded prepro-
teins and maintains them in a transport-competent state. SecB
and SecA are able to form a complex, and it is thought that

SecB delivers the preprotein to SecA (3); in addition,
interaction with SecB stimulates SecA ATPase activity (4,
5).

The extreme C-terminus ofEsherichia coliSecA harbors
a Zn2+-binding domain (ZBD) that is critical for the
interaction between SecA and SecB (6-8). The structures
of SecA from Bacillus subtilis (9) and Mycobacterium
tuberculosis(10) have been solved, but the ZBD of theB.
subtilis SecA was absent from the structure, andM.
tuberculosisSecA does not contain a ZBD. The interaction
between SecA and SecB is important for understanding how
preprotein is delivered from the ribosome to the translocon,
and our knowledge of this interaction was advanced by the
recent crystal structure ofHaemophilus influenzaeSecB with
bound ZBD (11). The ZBD adopts a novel fold, binding to
a region of the SecB tetramer that agrees with results from
earlier mutagenesis studies (12, 13). In the structure of the
complex, the Zn2+ atom is coordinated by the thiolates of
Cys8, Cys10, and Cys19, and the imidazole moiety of His20;
contacts with the surface of SecB are mediated entirely by
hydrophilic side chains, many of which are at the N- and
C-terminal portions of the ZBD, outside of the regions
directly stabilized by Zn2+ ligation; therefore, these regions
may assume a different conformation when the ZBD is not
bound to SecB. The crystal structure, which was refined
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to a resolution of 2.8 Å, shows that the Zn2+-imidazole bond
makes an angle of approximately 20° with respect to the
plane of the imidazole ring. However, His20 shows a
relatively high temperature factor, and distance restraints
between the Zn2+ and ligating atoms were applied during
refinement of the crystal structure, indicating that there may
be some uncertainty in the conformation of His20. Addition-
ally, a strictly conserved serine residue was modeled as an
alanine for reasons that are not clear.

To gain further insight into the solution structure and Zn2+-
binding chemistry of the ZBD, we describe a high-resolution
NMR structure for the ZBD ofE. coli SecA. We show that
the ZBD has no defined structure in the absence of Zn2+

ions. Coordination around the Zn2+ center was investigated
using extended X-ray absorption fine structure (EXAFS)
analysis on the Zn2+-bound peptide. The EXAFS data
allowed us to apply experimental restraints on the Zn2+-S
and Zn2+-N bond distances. Surprisingly, the NMR structure
of the ZBD shows that the N- and C-termini retain their
conformation in solution; in other words, the ZBD does not
undergo a large conformational change when it binds to
SecB. We find that the ligating histidine (His20) binds the
Zn2+ atom using its ND1 nitrogen, but that the imidazole
ring is not in an ideal conformation to make a low energy
Zn2+-N bond, presumably because His20 is adjacent to
Cys19, another Zn2+-ligating residue. Our analysis indicates
that Zn2+ coordination is supported by a series of “second-
sphere” interactions; in particular, the NMR data indicate
that Ser12 forms a strong hydrogen bond with one of the
Zn2+-ligating thiolates. Such second-shell coordinating in-
teractions have been catalogued for a variety of Zn2+-binding
motifs (14), but the complete conservation of Ser12 in the
SecA-ZBD suggests that it has a critical role for proper Zn2+

ligation and folding.
SecB is the only known binding partner for the ZBD of

SecA; however, we have analyzed available bacterial ge-
nomes and found that the ZBD is frequently present even in
organisms that do not possess a gene for SecB, suggesting
that the ZBD has binding partners other than SecB.

EXPERIMENTAL PROCEDURES

Genetic Analysis. We produced a custom sequence data-
base containing the predicted proteomes of 111 organisms
derived from completely sequenced genomes of bacteria,
archaebacteria, and eukaryotes. PSI-BLAST (15), initiated
with representative protein sequences and with anE value
cutoff of 0.005, was used to gather all SecA and SecB
sequences. Multiple sequence alignments were generated by
MAFFT (16) and CLUSTAL (17), and were edited and
compared using Jalview (www.jalview.org). In the end, 86
SecA protein homologues and 32 SecB homologues were
used. In most cases, each sequence occurred only once per
organism. All were from either eubacteria or eukaryotic
organelles.

Preparation of Zinc-Binding Peptide for NMR Studies.The
SecA C-terminal Zn2+-binding domain was prepared by
solid-phase synthesis using the FMOC protocol, and was
purified by reversed phase HPLC. The peptide has a mass
of 2459.22 Da, determined by electrospray mass spectrom-
etry. NMR samples were made up in either 90/10 H2O/D2O
or 100% D2O. Peptide concentrations of 1.7 and 3.5 mM

were used. The buffer consisted of 20 mM deuterated Pipes
pH 7.0, 50 mM NaCl, 5 mM NaN3, 0.5 mM TCEP, and a
2-fold excess of ZnCl2 to peptide. DSS (sodium 2,2-
dimethyl-, 2-silapentane-5-sulfonate) was added as an internal
NMR standard.

NMR Spectroscopy.All NMR spectra were carried out on
Varian Unity 500 or Varian Inova 600 MHz spectrometers
at 25°C using 5 mm triple-resonance1H, 13C, 15N probes.
Sequence specific assignments were completed using DQF-
COSY (18) and TOCSY (19) experiments in both 90% H2O/
10% D2O and 99.95% D2O. In all cases, water suppression
was accomplished using a weak 2 s presaturation pulse of
the H2O resonance. TOCSY experiments were collected
using a MLEV-17 spin-lock mixing period of 50 ms. NOESY
spectra were collected using the hypercomplex method with
mixing times of 300 ms and 75 ms (20). Typical data sets
comprised 32 or 48 transients and 512 increments for spectral
widths of either 5200 or 6200 Hz. All data were processed
using NMRPipe (21) and VNMR 6.1C software using a 60°
shifted sine-bell squared function and zero filling to yield
final digital resolutions of 5.1 Hz/point (F1) and 2.9 Hz/
point (F2).

NMR Structure Calculations.Proton-proton distances in
NOESY spectra in D2O were calibrated by averaging all
resolved Hâ1-Hâ2 cross-peaks from AMX spin systems and
setting this distance to 1.78 Å. NOEs involving aromatic
protons were calibrated using theδCH to εCH of Tyr16 and
setting this distance to 2.46 Å. All NOEs from spectra in
H2O involving amide protons were calibrated according to
methods of Gagne´ et al.(22) using in-house modified scripts
for two-dimensional1H-1H spectra.

Coupling constants for3JHNR were measured from high-
resolution one-dimensional1H spectra and converted toφ
angle restraints using the Karplus relationship (23, 24). Psi
(ψ) angle restraints for thei-1 residue were determined
using the NOE ratio for IRiNi/IRi-1Ni residues (22). Ratios
> 1 were assigned to aψ angle of 120° ( 100°, while ratios
< 1 were assigned aψ of -60° ( 60°. A comparison of
this method withφ, ψ angles derived using the program
TALOS (25) with RCH andRH input yielded similarφ, ψ
space restraints. Stereospecific assignment of AMX spin
systems was accomplished using the methods of Wagneret
al. (26) through comparison of relative NOE intensities
between NH,RCH, andâCH2 protons in 75 ms NOESY
spectra andJ-coupling patterns in DQF-COSY spectra.ø1

angles for stereospecifically assigned residues were input as
ø1 ( 30°.

All structure calculations were carried out with CNS (27)
using the standard anneal.inp input file. Typically, 100
structures were submitted for calculation, and the best 20
were chosen on the basis of residual NOE energy and
geometry. All initial structures were calculated without Zn2+

ion restraints to verify the position and geometry of possible
Zn2+ ligands. After the Zn2+ ligands had been identified,
restraints were applied between the Zn2+ and SG atoms of
Cys8, Cys10, and Cys19 (2.30 Å) and ND1 of His20 (2.03
Å), based on the EXAFS data. To impose tetrahedral
geometry on the coordination, six additional distance re-
straints were applied: three distance restraints (3.75 Å)
between the SG atoms of the cysteines and three distance
restraints (3.60 Å) between the ND1 atom of His20 and each
of the cysteine SG atoms. The coordinates for the 20 lowest
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energy structures, calculated either with or without distance
restraints to the Zn2+ atom, have been deposited in the PDB
(28) with ID 1SX1 and 1SX0, respectively.

X-ray Absorption Analysis.The peptide (5.1 mg, 2.07
µmol) was dissolved in 1 mL of a buffer comprised of 50
mM Hepes, 1 mM TCEP, 32% glycerol, pH 7.5. To this
solution was added 19.5µL of 100 mM Zn(OAc)2. The
solution remained clear after the addition of Zn(OAc)2 and
was sterilized by passage through a 0.22µm syringe filter.
A few grains of 1,1,1-trichloro-2-methyl-2-propanol were
added to the solution to inhibit microbial growth. The 2 mM
ZBDsample was loaded into a 2 mmtitanium cell with 63
µm Kapton windows.

The Zn K-edge X-ray absorption spectra were recorded
using the focused beam at BL-12C at the Photon Factory of
High Energy Accelerator Research Organization (Tsukuba,
Japan), under dedicated conditions (2.5 GeV, 300 mA).
Harmonics from the Si(111) double crystal monochromator
were rejected using a rhodium coated focusing mirror. A
RMC continuous-flow liquid helium cryostat maintained a
constant sample temperature of 20 K.

The Zn K-edge XAS data were recorded in fluorescence
mode by means of a liquid nitrogen cooled 19-element solid-
state Ge detector array. The energy window of the detector
elements was adjusted around the Zn KR fluorescence line
to reduce the background of scattered radiation. The signal
from each detector channel was examined for each scan to
confirm the absence of artifacts. A total of 15 scans (18
channels per scan) were then averaged (I f) for the ZBD
sample. The XAS spectrum was obtained as (I f/I0) versus
energy, whereI0 is the incident beam intensity. The energy
scale was externally calibrated by assigning the first inflection
point of a zinc metal foil to 9659.0 eV measured before and
after collecting the spectra.

The scans comprise 10 eV steps in the pre-edge region
(9470-9600 eV), 0.35 eV in the edge region (9600-9720
eV), and 3 eV in the EXAFS region (9720-10 700 eV), with
2 s of integration time for each step. The total integration
time per scan was 28 min, with 7 h of total exposure time.
A comparison of the first and last scan showed no evidence
of radiation damage.

The EXAFS oscillation was extracted using the WinXAS
version 3.2 program system (29). The background absorption
was subtracted using a first-order polynomial over the pre-
edge region, followed by normalization of the edge step. The
energy scale was converted tok-space, wherek ) (8π2me/
h2)(E - E0), using a threshold energy ofE0 ) 9661.5 eV.
Above the edge, the atomic background contribution was
removed by subtracting an 8-region cubic spline. The least-
squares refinements were performed using both raw data (k
) 2.5-15.1 Å-1) and Fourier-filtered data, for which the
EXAFS data were Fourier transformed over differentk-
ranges, followed by back-transformation over ther-ranges
given in Table 3.

The EXAFS oscillation,ø(k), can be modeled using the
expression:

The parameters in the above equation are as follows: the
numberNi of backscattering atoms at the mean distanceRi

from the absorber in theith shell; the Debye-Waller
parameterσi

2 related to the mean-square variation in a
Gaussian distribution of distances aroundRi; the scattering
variablek; the effective amplitude function|feff(k)|i; the total
phase-shiftφij(k) of the absorber-scatterer pair; the photo-
electron mean free pathλ(k); and the amplitude reduction
factor S0

2(k).

Table 1: NMR Structure Parameters

parameter
ZBDa (NOE

restraints only)

ZBD-Zna

(NOE restraints and
Zn2+-coordination

restraints)

NOE distance restraints (total) 274 274
intraresidue 121 121
sequential 65 65
short range 32 32
long range 56 56

zinc restraints 0 10
dihedral angle restraints 33 33

φ 11 11
ψ 16 16
ø1 6 6

stereospecific assignments 9 9
NOE violationsa 0 0
avg. CNS energies (kcal/mol)a

total energy 28.71( 2.58 30.23( 2.71
NOE energy 0.92( 0.29 1.05( 0.54

Ramachandran statisticsa

favored 75.4% 79.6%
allowed 18.6% 15.7%
generously allowed 6.1% 4.6%
disallowed 0.0% 0.0%

RMSD to mean structure
(Å)a residues 2-20
backbone atoms 0.21( 0.03 0.19( 0.03
heavy atoms 0.73( 0.05 0.72( 0.06
a The coordinates for the 20 lowest energy structures, calculated

either with or without distance restraints to the Zn2+ atom, have been
deposited in the PDB (28) with ID 1SX1 and 1SX0, respectively.

Table 2: Conservation in the ZBD of SecA

position residue conservationa changesb

1 K 42 4T,4Q,2H,2N,2G,I,E,D
2 V,I,L 55 2T,2P
3 G 45 4S,3K,2A,2E,P,H,N
4 R 57 A,K
5 N 58 D
6 D,E 52 4A,2T,G
7 P 50 2L,3A,2K,D,S
8 C 59
9 P 52 2W,2K,Y,F,H

10 C 59
11 G 57 K,Q
12 S 59
13 G 59
14 K 56 2L,M
15 K 58 P
16 Y,F 59
17 K 58 E
18 Q,N 33 15H,3Y,2K,2D,VEMS
19 C 59
20 H 47 12C
21 G 58 1A
22 R,K 30 12Q,6A,4S,3I,2L,2V

a Number of sequences (out of the 59 ZBD-containing SecA
molecules) in which residue(s) in the first column occur.b Number and
nature of amino acid changes at a given position.

ø(k) ) ∑
i

Ni‚S0
2(k)

k‚Ri
2

|feff(k)|i‚exp(-2k2σi
2)‚exp[-2Ri/

Λ(k)]‚sin[2kRi + φij(k)] (1)

C-Terminal Domain of SecA Biochemistry, Vol. 43, No. 29, 20049363



The ø(k) model function was constructed using theab
initio calculated amplitudefeff(k)i, phase shiftφij(k), and mean
free pathλ(k) functions by means of the FEFF (7.02) program
(30). In our least-squares refinements of thek3-weighted
EXAFS data, the coordination numbers were fixed according
to the Zn2+-S3N model, allowingR, σ2, and∆E0 to float.
∆E0 values varied between 4.7 and 5.6.S0

2(k) was refined,
except whenkmax < 13 Å-1, yielding values of about 1.0
(Table 3). The accuracy of the bond distancesR is within
(0.02 Å.

RESULTS

Sequence and Phylogenetic Analysis of the C-Terminal
Domain of SecA.The sequence alignment of the ZBD (Figure
1) shows that the four putative Zn2+-coordinating amino acids
(Cys885, Cys887, Cys896, and His897 inE. coli ZBD) are
conserved (the histidine is sometimes replaced by cysteine,
which could also function to coordinate Zn2+). The ZBD
sequence is intriguing for a number of reasons. First, the
spacing between the Zn2+-coordinating residues is extremely
short- there is only one residue, almost always a proline,
between the first two cysteines, and the second two Zn2+-
coordinating residues are always next to each other in the
sequence, which is rare for zinc fingers and other Zn2+-
binding motifs, and in fact there are no examples of a Zn2+-
coordinating motif in which the ligating cysteine and histidine
residues are adjacent to each other. Furthermore, there are
always exactly 8 residues between the two pairs of putative
Zn2+-coordinating residues. There are several other conserved
amino acids in addition to the residues thought to be Zn2+

ligands; these include a Gly-Ser-Gly motif, several basic
residues, and an aromatic residue. This raises a second
intriguing property of the ZBD, which is its extremely high
overall sequence conservation. The compact nature of the
motif may dictate a low tolerance for amino acid substitu-
tions; alternatively, the high degree of sequence conservation
could indicate a conserved interaction with other macromol-
ecules.

SecB is an export-specific chaperone (31), and a function
of the ZBD on SecA is to engage preprotein-bound SecB,
thereby directing the preprotein to transloci at the membrane
(3, 7). We used the available microbial genome sequences
to investigate whether the presence of SecB was correlated
with the presence of the ZBD on SecA. SecA is present in
all of the sequenced genomes, consistent with its essential
role in translocation (32). With the expanded number of fully
sequenced genomes, it is clear that SecB is found only in

diderm organisms (organisms with an outer membrane (33);
Figure 2). We found that in all of the SecB-containing
organisms (31 out of 86 genomes analyzed), the SecA
molecule contained a ZBD, consistent with the observation
that SecB function is dependent on the presence of the ZBD
in SecA (7). On the other hand, organisms that did not
contain SecB (55 out of 86 genomes analyzed) were evenly
divided between those that have a SecA with a conserved
ZBD (28 organisms) and those with SecA lacking the ZBD
(27 organisms). Of the organisms represented in the align-
ment in Figure 1, onlyE. coli andM. loti have SecB in their
genome; therefore, the presence and high conservation of
the SecA-ZBD in organisms that lack SecB suggests that
the domain has other, as yet uncharacterized functions.

Solution Structure of the SecA Zinc-Binding Domain.A
previous 2.8 Å resolution crystal structure was determined
for a complex of the SecA-ZBD and SecB fromHaemophilus
influenzae; we have determined the solution structure of the
isolatedEsherichia coliSecA-ZBD using two-dimensional
1H NMR spectroscopy. The peptide used for the structure
analysis was produced by solid-phase synthesis using
unlabeled amino acids and comprised the C-terminal 22
residues fromE. coli SecA, residues 879-901: KVGRND-
PCPCGSGKKYKQCHGR. In the interest of simplicity, and
because the length of the linker region is variable in SecA
molecules, we will refer to the N-terminal lysine of theE.
coli ZBD as residue 1.

Zn2+ is required for folding of the ZBD, as indicated by
one-dimensional1H NMR spectra recorded for the ZBD in
the absence and presence of Zn2+ (Figure 3). The spectrum
recorded in the absence of Zn2+ (Figure 3A) has sharp
resonances and little dispersion, indicating that the amino
acids of the peptide are sampling many different environ-
ments, as expected for unfolded peptide. Upon the addition
of 2 equiv of Zn2+ (Figure 3B), a second set of resonances
appears consistent with Zn2+-binding in the slow-exchange
regime. These resonances are more well resolved, indicating
that the peptide adopts a stable, folded conformation.

The complete sequential assignment for the Zn2+-bound
ZBD was carried out using standard two-dimensional1H
NMR experiments. In particular, the well-resolved chemical
shifts allowed us to assign all but 5 of 131 nonexchanging
protons from the 22 residue ZBD. In addition, stereospecific
assignments for the AMX spin-systems N5, D6, C8, C10,
Y16, and C19 were used to obtainø1 angle information used
in structure calculations. The solution structure of ZBD was
determined using 274 distance restraints and 33 angular
(φ,ψ,ø1) restraints. No hydrogen-bonding restraints were
used. Because NMR experiments did not identify Zn2+-
protein interactions, initial structure calculations did not
include restraints related to metal ion coordination. From a
family of 100 structures, the 20 lowest energy structures
having no NOE violations were selected and are presented
in Figure 4A. NMR and stereochemical parameters for the
20 structures of the ZBD are given in Table 1.

The superposition of the ZBD structures shows excellent
agreement with an RMSD to the mean structure of 0.21(
0.03 Å for the backbone atoms of residues 2-20 and 0.73
( 0.05 Å for all heavy atoms (Table 1). The geometry of
the structures, as assessed by PROCHECK-NMR, showed
that all of the residues were in the favored and allowed

Table 3: Determination of Zn2+-ZBD Coordination Parameters by
EXAFSa

fit
k-range
(Å-1)

FT-filter
r-range (Å)

coordination
no.b R (Å)c σ2 (Å2)d S0

2 R e

1 2.5-15.1 1.0-2.5 1 N 2.03 0.4 0.99 12.0
3 S 2.30 4.3

2 2.5-14.1 1.0-2.5 1 N 2.03 2.0 1.07 11.1
3 S 2.30 4.9

3 2.5-12.7 0.9-2.4 1 N 2.03 2.0 1.00 10.9
3 S 2.29 4.5

4 2.5-15.1 unfiltered 1 N 2.03 0.4 1.00 26.1
3 S 2.30 4.2

a Curve-fitting results for zinc K-edge EXAFSk3 data of Zn2+-ZBD.
b Parameter values in bold are held constant.c Zn-backscatterer
distance.d Debye-Waller factor× 103. e Residual.
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regions of the Ramachandran plot, except for Cys19, which
falls in a “generously allowed” region.

EXAFS analysis of the Zn2+-ZBD complex (see below)
indicated tetrahedral geometry with Zn2+-N and Zn2+-S
bond distances of 2.03 and 2.30 Å, respectively. These data
were incorporated into our structure calculations by including
restraints in the bond distances between the Zn2+ atom and
its four ligands, as well as restraints between the coordinating
atoms. The presence of these additional restraints resulted
in only a modest shift in the backbone of the ZBD structure,
and, importantly, none of the previously determined NOE
restraints were violated. The final structures for the Zn2+-
ZBD complex are presented in Figure 4B. Note that several
NOE restraints dictate that ligation by His20 is through ND1
and not NE2, consistent with the crystal structural analysis
in which ND1 was chosen as the Zn2+ ligand (11).

What is perhaps most surprising about the collection of
NMR structures is their very strong agreement with one
another; in other words, the ZBD maintains a tightly folded,
compact conformation even when it is free in solution. This
relatively high degree of structural stability extends to the
N- and C-termini, residues 1-7 and 21-22, even though
they are outside of the region directly stabilized by Zn2+.
The conformation of the N-terminus, in particular, is backed
by NOE data showing a stable interaction between Tyr16
and Val2. The conformation of the N- and C-termini in the
solution structure of the ZBD closely resembles that when
it is bound to SecB (11), indicating that there are no major
structural changes when the ZBD interacts with SecB. We
have shown that the peptide is completely unfolded in the
absence of Zn2+, and, given the lack of regular secondary
structure in the ZBD, as well as the absence of a hydrophobic

core, it is remarkable that the entire structure is so effectively
stabilized by the presence of the Zn2+ atom.

We have aligned the ZBD sequences found in the 59
organisms that contain SecA with a ZBD; the nature of the
amino acid changes at each position is indicated in Table 2.
There are five residues that are perfectly conserved: Cys8,
Cys10, Ser12, Gly13, and Cys19; in addition, His20 is only
ever replaced by cysteine, and Tyr16 is only ever replaced
by phenylalanine, and so these residues exhibit a very high
degree of functional conservation. An analysis of the structure
(Figure 5) illuminates the role of these conserved residues.
First, the NMR structure and the EXAFS analysis (below)
indicate that the three cysteines, Cys8, Cys10, Cys19, along
with His20, provide the primary coordination for the Zn2+

atom; in the sequence alignment of the SecA-ZBDs, there
are no insertions or deletions between the Zn2+-ligating
residues. Evidently, the compact nature of the ZBD does not
allow for any flexibility in the relative positions of the pairs
of Zn2+-coordinating residues.

One interesting feature of the ZBD is the strained nature
of the interaction between Cys19, His20, and the Zn2+ atom.
Several NOE restraints fix the conformation of the His20
imidazole ring such that ND1, and not NE2, must be the
nitrogen that binds the Zn2+ atom. This is somewhat unusual
because most structural Zn2+ atoms are bound to the NE2
atom of ligating histidine residues, whereas binding by ND1
is more often found in Zn2+ metalloenzymes such as carbonic
anydrase.Ab initio molecular orbital energy calculations
indicate that the lowest energy state for Zn2+-imidazole
complexes is one in which the Zn2+-N bond bisects the
C-N-C bond and is in the same plane as the imidazole
ring (34); see Figure 6 for conventions. When high-resolution
structures of metal-imidazole complexes are analyzed, the

FIGURE 1: Sequence alignment of the C-terminal region of SecA. SecA sequences from 86 bacteria were aligned, and then highly similar
sequences were culled from the alignment (see Figure 2 for a phylogenetic tree derived from the alignment). Only the C-terminal region
of ZBD-containing SecA molecules is shown; the alignment includes approximately 25 residues of conserved sequence from the main body
of the enzyme, which is followed by 60-95 residues of very poorly conserved sequence, ending in the highly conserved zinc-binding
domain. In the case ofE. coli, the first residue shown is Pro799. Note that of the organisms represented in the alignment, onlyE. coli and
M. loti contain SecB in their genome (see Figure 2). The short names refer to the organisms as follows: ecoli,Escherichia coli; mloti,
Mesorhizobium loti; bsubt,Bacillus subtilis; llact, Lactococcus lactis; tpall, Treponema pallidum; blong, Bifidobacterium longum; bthet,
Bacteroides thetaiotamicron.
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FIGURE 2: Phylogenetic analysis of SecA and SecB. The phylogenetic tree is derived from an alignment of SecA molecules from 86
organisms. The presence of the zinc-binding domain (ZBD) of SecA can be compared with the presence of SecB: organisms with SecB
in their genome are indicated by the shaded box, while organisms with a ZBD-containing SecA are shown in bold italics. The bacteria are
therefore divided into three groups. Group I organisms possess both a ZBD-containing SecA and SecB. The remainder of the organisms do
not carry a gene coding for SecB; however, the Group II organisms carry a ZBD-containing SecA, while the Group III organisms (plain
text) carry SecA that lacks the ZBD. To show that the SecA-ZBD is not correlated with the presence of an outer membrane, selected
diderm organisms (those with an outer membrane; (33, 43, 44)) are indicated by a minus sign (they are usually Gram-negative), while
selected monoderm organisms are indicated with a plus sign. Note that only selected organisms are indicated with a plus or minus sign
because Gram staining is not a completely reliable indicator of whether an organism has an outer membrane, and at the current time a
comprehensive list of bona fide diderm and monoderm organisms is not available.
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bond between the metal and the imidazole nitrogen is, on
average, about 5° out-of-plane with the imidazole ring, and
the “in-plane” distortion (i.e., the deviation of the Zn2+-N
bond from a perfect bisection of the C-N-C bond) is 2-3°
(34, 35). In the 20 lowest energy NMR structures, the values
for the out-of-plane angle,Θ, ranged from 43° to -5°, with
an average value of 17° ( 12° (mean( s.d.). Using our
conventions, the values forΘ in the two ZBDs of the SecB-
ZBD complex structure (11) are -20° and -23°; in other
words, the ligating imidazole ring in the crystal structure is
tilted in the opposite direction. The Zn2+-imidazole bonds
in the 20 lowest-energy NMR structures also had significant
in-plane distortions (angleΦ, Figure 6A), tightly clustered
around an average value of 13° ( 2° (mean ( s.d.).
Regarding the coordination of Zn2+ by Cys19 and His20, it
is noteworthy that all of the residues in the ZBD structure
have favorable main-chain dihedral bond angles, except for
Cys19 withφ ) -150° and ψ ) -79°, which falls in a
disallowed region. The distortion in the Zn2+-imidazole
bond and the strained main-chainφ/ψ angles for Cys19 are
likely due to the unprecedented situation of having the
cysteine and histidine ligands adjacent to each other.

Another interesting feature of the ZBD is the “second
sphere” of coordinating interactions. That is, the three
thiolates bind the Zn2+ atom, and they also participate in
hydrogen-bonding interactions with other groups on the
peptide, further stabilizing the structure. The thiolates of Cys8
and Cys10 are positioned to accept hydrogen bonds from
the main-chain NH groups of residues His20 and Ser12,
respectively. Most interesting is the situation with Cys19 and

its relationship with Ser12: Ser12 is one of the perfectly
conserved residues, and the NMR structure suggests an
important functional role for its side chain. When the side
chain adopts aø1 value of 70° (which corresponds to the
predominant rotamer populated by serine residues), the
alcohol moiety points into the interior of the ZBD and is
able to accept a hydrogen bond from the main-chain amide
of Lys14 and donate a hydrogen bond to the thiolate of
Cys19. Thus, Ser12 mediates a hydrogen-bonding interaction
between the thiolate of Cys19 and the amide of residue 14,
thereby stabilizing the main-chain structure around the Zn2+

atom. The strength of this interaction is borne out by the
NMR data, which show the OG proton of Ser12 in slow
exchange and having NOEs to its own CB protons, the CB
protons of Cys8, Cys19, and Lys14, the CA protons of G11,
and the main-chain amide protons of Ser12, Gly13, and
Lys14. This indicates that the hydrogen bond between Ser12
and Cys19 is exceptionally stable.

The other conserved residues are Gly13 and Tyr16. The
backboneφ and æ angles of Gly13 are 127° and -29°,
respectively, and therefore a change in the backbone structure
would be required to accommodate any other residue in that
position. One effect of a change in the backbone conforma-
tion in this region would be to compromise the ability of
the NH group of Lys14 to make a strong hydrogen bond
with OG of Ser12.

Tyr16, which is sometimes replaced by Phe, provides the
only “hydrophobic core” of the ZBD: it contacts CA of
Gly21, the side-chain carbons of Val2, which is usually a
hydrophobic residue in the ZBD sequences, and the side-
chain carbons of Pro9, which is also highly conserved. The
edge of Tyr16 also makes contact with the thiolate of Cys8;
although the exact nature of this interaction is not clear, the
presence of a conserved aromatic amino acid next to metal-
coordinating residues has been noted previously and has been
shown to be important for metal-dependent folding (36). The
numerous NOEs between Tyr16 and other residues, particu-
larly Val2, indicate that it is the central and most important
residue in maintaining the conformation of the N-terminal
amino acids.

X-ray Absorption Analysis of the Zinc-Binding Domain.
The NMR structure obtained in the absence of any restraints
between the Zn2+ atom and the peptide was consistent with
Zn2+-coordination by Cys8, Cys10, Cys19, and His20,
although when a Zn2+ atom was modeled into the structure,
the bond distances and coordination geometry appeared to
be somewhat distorted; furthermore, it seemed possible that
a water molecule could also interact with the Zn2+ atom,
yielding pentavalent coordination. Because of the unusual
sequence of the ZBD, and in particular the spacing of the
putative Zn2+ ligands, we characterized the environment
around the metal ion using X-ray absorption spectroscopic
analysis to ensure that the Zn2+-peptide restraints we applied
to the NMR structure were justified.

The X-ray absorption near edge structure (XANES) spectra
of Zn2+-peptides are sensitive to the number of coordinating
sulfur and nitrogen atoms and can be used to characterize
the Zn2+ ligation (37, 38). The first XANES peak corre-
sponds to the 1sf 4p transition and is sensitive to the
coordination geometry around the Zn2+ site (39): an intense
peak is an indicator for Zn2+ being in a 5-coordinated
environment, while it is generally weaker in 4-coordinated

FIGURE 3: Zinc-induced folding of the SecA C-terminal domain.
A one-dimensional1H NMR spectrum of the 22-residue peptide
representing the C-terminal zinc-binding domain of SecA was
collected in either the absence (A), or the presence (B), of 2 equiv
of Zn2+. For the sake of clarity, only the low- and high-field regions
are shown. The Zn2+-induced changes in the spectrum are consistent
with the peptide changing from an unstructured and rapidly
exchanging regime to a folded conformation. A number of
resonances in the unfolded form (i.e., for the peptide in the absence
of Zn2+) did not fully disappear upon addition of Zn(OAc)2; two
of these are illustrated, Val2 and Tyr16 (UF and F refer to the
resonances from these residues in the unfolded and folded forms,
respectively). Note that in the 1D spectrum of the peptide recorded
in the presence of Zn2+ (B), a resonance from His20 obscures the
peak remaining for the Tyr16 “unfolded” resonance.
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Zn2+ complexes (38). The observed XANES spectrum of
the SecA-ZBD, in which a strong peak at approximately 9663
eV is absent, is therefore consistent with a 4-coordinated
Zn2+ (Figure 7A).

The extended X-ray absorption fine structure (EXAFS)
spectrum for the Zn2+-ZBD was analyzed over a wide
k-range, 2< k < 15.1 Å-1. The corresponding Fourier
transform (Figure 7B, distances not corrected for phase shift)
displays a major peak at 1.9 Å with a shoulder around 1.6
Å, which is consistent with Zn2+-S3N coordination (37).
The small peak at 2.7 Å can be attributed to the outer shell
backscattering between Zn2+ and the imidazole ring carbon
atoms.

FIGURE 4: Structures of the SecA-ZBD determined by NMR spectroscopy. The 20 lowest energy structures determined for the Zn2+-ZBD
complex, calculated with (A) the NMR data alone, or (B) the NMR data along with Zn2+-S and Zn2+-N bond distance restraints and
tetrahedral geometry restraints, as determined from EXAFS analysis. In each case, 100 structures for the ZBD were calculated by CNS
(27), and the 20 lowest energy structures were selected; these structures were superimposed using the backbone atoms of residues 2-20,
which are relatively well structured. The structure parameters for these models are presented in Table 1. Selected functionally important
residues are highlighted in red; these include the Zn2+ ligands Cys8, Cys10, Cys19, and His20, as well as Val2 and Tyr16 which are
important for maintaining the structure of the 7 N-terminal residues. The figure was produced with MOLMOL (45).

FIGURE 5: Structural features of the SecA-ZBD. A stereoview of the overall fold and highly conserved side chains of the SecA-ZBD. Val2
and Tyr16 interact, stabilizing the N-terminal residues. The Zn2+ ligands are Cys8, Cys10, Cys19, and His20; note that ND1 was identified
as the nitrogen bound to the Zn2+ atom and that the Zn2+-ND1 bond makes an angle of approximately 17° with the plane of the imidazole
ring. Ser12 makes a hydrogen bond with Cys19. The figure was produced using Molscript (46) and Raster3D (47).

FIGURE 6: Geometry of the Zn2+-imidazole bond. In addition to
its length, the Zn2+-N bond is characterized by its relationship to
the imidazole ring using two parameters,Φ andΘ, as defined in
Carrell et al. (34). (A) The in-plane distortion (angleΦ), which
refers to the angle between the Zn2+-N bond and the line that
bisects the imidazole ring C-N-C bond angle (dashed line). (B)
The out-of-plane distortion (angleΘ), which is defined by the angle
that the Zn2+-N bond makes with the plane of the imidazole ring.
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The Fourier transform shows that the Zn2+ EXAFS
oscillation is dominated by the direct backscattering from
the atoms in the first coordination shell. We used the NMR-
derived structural model of the SecA-ZBD for calculations
of the EXAFS oscillations (see Experimental Procedures);
in the lowest-energy SecA-ZBD model, the three cysteine
thiolate sulfur atoms are at 2.36 Å from the Zn2+, and ND1
of the imidazole ring is at 2.10 Å from the Zn2+. Least-
squares refinements of a few structural parameters, such as
the coordination distance,R, and the Debye-Waller param-
eter,σ2, were performed by fitting the model oscillations to
the experimental EXAFS data. The least-squares curve fitting
can be made on the “raw” (unfiltered) data, or on Fourier-
filtered EXAFS curves, which are obtained by eliminating
peaks from long distances and physically unreasonable peaks
at low r-values. Fitting either the raw or the filtered
experimental data with the ZBD model consistently yielded
Zn2+-N and Zn2+-S distances of 2.03 and 2.30 Å,
respectively (Table 3 ), in accordance with the restraints we
imposed for the structure determination.

The Debye-Waller parameter,σ2, provides a measure of
the mean-square vibrational displacements together with the
static disorder of the backscattering atoms. Refinement of
unfiltered data resulted in an unreasonably lowσ2 value for
Zn2+-N, and it was therefore fixed at 4× 10-4 (Table 3, fit
#4), which represents the value obtained from fitting the
filtered data in a similark-range (Table 3, fit #1). When the
model was fit using lowerk-ranges (Table 3, fits #2 and
#3), the Debye-Waller parameter refined to a more reason-

able value of 2.0; in these cases, the Debye-Waller
parameter for the Zn2+-N bond distance showed a correla-
tion with the amplitude reduction factor (S0

2), probably
because of the noise level in the highk-range (Figure 8),
and thereforeS0

2 was fixed at 1.00 for the refinement using
a restrictedk-range (kmax < 13 Å-1; Table 3, fit #3). Thus,
the unreasonably low Debye-Waller parameter for the
Zn2+-N bond appears to have its origin in the highk-range
data; note that use of ak-range under 13 Å-1 is typical for
aqueous solutions of peptides or proteins (37). The higher
σ2 value for Zn2+-S as compared to that for Zn2+-N
indicates that there is a distribution of the three Zn-S bond
distances around the mean value of 2.30 Å.

To summarize, the SecA-ZBD model derived from NMR
is consistent with the EXAFS data that indicate tetrahedral
coordination, with a mean Zn2+-S distance of 2.30 Å and a
Zn2+-N distance of 2.03 Å.

Complex Folding of the SecA-ZBD.When Zn2+-induced
folding is followed using NMR, it is apparent that some
resonances representing the unfolded conformation of the
peptide do not completely disappear upon addition of
saturating amounts of Zn2+. For example, the well-resolved
resonances for the methyl protons of Val2 at 0.92 ppm and
the ring protons of Tyr16 at 7.10 and 7.95 ppm in the
unfolded peptide recorded in the absence of Zn2+ (Figure
3A) are present even after the addition of 2 equiv of Zn2+.
Analysis of the peak integrals shows that the Zn2+-induced
conversion to the fully folded conformation occurs for
approximately 60% of the peptide. All of the well-resolved
resonances can be accounted for by the one fully folded
conformation, and therefore the fraction that does not adopt
this conformation appears to remain largely unfolded. In
addition, resonances for the unfolded form of the ZBD had
minimal NOE contacts, consistent with an unstructured
conformation.

Our first thought was that a fraction of the peptide was
not folding properly because of the presence of an inter- or
intramolecular disulfide bond. To investigate this possibility,
we measured the mass of the peptide after the NMR

FIGURE 7: X-ray absorption analysis of the SecA-ZBD. (A)
Normalized Zn XANES spectrum of the Zn2+-ZBD. Note the
absence of a strong first peak at approximately 9663 eV, which is
consistent with a four-cooordinated Zn2+ (38). (B) Thek3-weighted
Zn2+ K-edge EXAFS spectrum (inset) and corresponding Fourier
transform for the Zn2+-ZBD over the rangek ) 2.5-15.1 Å-1.

FIGURE 8: Model fitting to EXAFS data. Curve fittings of
k3-weighted Zn2+ K-edge EXAFS using the Zn2+-ZBD model. The
experimental EXAFS, either unfiltered (A) or Fourier-filtered (B),
is shown as solid curves. The model-derived theoretical EXAFS is
plotted using hollow circles. (A) The fit of the Zn2+-ZBD model
to the raw data (fit #4, Table 3). (B) Fit of the Zn2+-ZBD model to
the Fourier-filtered data (fit #1, Table 3).
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experiments by ESI-MS, and we found that the molecular
weight, 2459.3( 0.5 Da, corresponded with the fully
reduced form (theoreticalMR 2459.2 Da); furthermore, the
mass spectrum recorded after the NMR experiments showed
no significant differences from that of the newly synthesized
peptide. Preliminary experiments in which the temperature
and pH were altered, as well as the quantity and rate of
addition of Zn2+, had no effect on the fraction of peptide
that adopted the fully folded conformation. Although at this
point the exact nature of the unfolded ZBD is not known, it
does not contribute in a significant way to the experimental
NMR spectra, and therefore our structure determination of
the fully folded Zn2+-bound peptide is not affected. We
intend to more fully characterize the folding of the SecA-
ZBD in subsequent studies.

DISCUSSION

We have solved the solution NMR structure of a novel
zinc-binding domain (ZBD) found on the SecA subunit of
preprotein translocase fromEsherichia coli, and details of
the immediate environment around the Zn2+ atom were
elucidated using X-ray absorption analysis. A crystal struc-
ture of this domain was revealed first in a complex between
it and the translocase-specific chaperone, SecB, both from
H. influenzae(11). A comparison between the two structures
shows that the conformation of the N- and C-terminal
residues does not change when the ZBD binds SecB; this is
somewhat surprising given the fact that the Zn2+ ligands,
C8, C10, C19, and H20, span only half of the peptide. The
NMR-derived model differs from the crystal structure in
several important aspects: in the conformation of the His20
side chain, the main-chain conformation between Pro9 and
Cys10, and the conformation of the Ser12 side chain.

The SecA-ZBD has an unusual and highly conserved
sequence; in particular, two of the Zn2+ ligands, Cys19 and
His20, are adjacent to each other. The presence of adjacent
Zn2+-binding residues has been observed in one other protein,
RNA polymerase subunit RPB10 (40), but in RPB10, the
adjacent Zn2+ ligands are both cysteine residues. It would
appear from the NMR structure that the adjacent position of
the Cys-His Zn2+ ligands is less than optimal: the main-
chain dihedral angles between the two residues fall in a
disallowed region of the Ramachandran plot, and, although
the side chain of His20 adopts a conformation that corre-
sponds to a well-populated rotamer (41), the bond between
the Zn2+ atom and ND1 of the imidazole ring is not ideal,
with a large out-of-plane angle,Θ, of 17° and an in-plane
angle,Φ, of 13°.

The alignment of 59 ZBD sequences indicates that, in
addition to absolute conservation of the Zn2+ ligands, the
ZBD motif of SecA also has a perfectly conserved serine
residue. The NMR data indicate that the OG proton of Ser12
is slowly exchanging and must therefore be participating in
a strong hydrogen bond, likely with the thiolate of Cys19.
The side chain of Ser12 is also in a good position to accept
a hydrogen bond from the main-chain amide of Lys14. Given
its high sequence conservation and strong hydrogen-bonding
interaction, it appears that Ser12 plays a critical role in the
folding and stability of the ZBD. Similar second-sphere
interactions have been observed in betaine-homocysteine
methyltransferase (BHMT (42)). For BHMT, there is a Cys-

His (Cys217-His218) sequence, but in the crystal structure
of the reduced form of the enzyme, a Zn2+ is ligated by
Cys217 and two other cysteine residues, plus a homocysteine
substrate analogue (42). The histidine in this case does not
directly bind the Zn2+ ion, but instead may function as a
second-sphere ligand, donating a hydrogen bond to the
thiolate of Cys217. Interestingly, the thiolate of Cys217 also
makes contact with a nearby tyrosine residue (Tyr160),
reminiscent of the interaction between Cys8 and Tyr16 in
the SecA-ZBD structure.

The NMR analysis shows that the Zn2+-binding site is not
preformed, but instead the ZBD polypeptide must fold as it
binds Zn2+. This folding process is complicated by the
presence of two proline residues in the sequence, at positions
7 and 9. In particular, Pro9, which is situated between the
Zn2+ ligands Cys8 and Cys10, may cause problems with
folding if the Pro9-Cys10 bond adopts acis conformation.
We have found that there are two conformers that can be
separated by RP-HPLC (data not shown), all of which have
identical molecular weights corresponding to the reduced
form of the polypeptide. These conformational isomers are
most likely the result of one or morecisprolyl peptide bonds.
With respect to the NMR analysis, we have found that a
significant fraction of the polypeptide appears to remain
unfolded when a large excess of Zn2+ is added. One possible
explanation for these results is that higher concentrations of
excess Zn2+ are able to stabilize thecis prolyl bonds that
could exist in subpopulations of the peptide, slowing or
preventing the folding of these fractions. We intend to
investigate further the kinetics of folding of the ZBD, as well
as the role of Ser12 in folding and stability.

Finally, we believe the SecA-ZBD has roles other than
simply binding to SecB. A phylogenetic analysis indicates
that in almost half of the organisms that carry a ZBD-
containing SecA, there is no gene coding for SecB. It may
be that there is another export-specific chaperone in these
organisms and that the ZBD mediates an interaction with
this chaperone in a manner similar to that of the SecA-
SecB interaction. Alternatively, the SecA-ZBD may have
other, as yet uncharacterized binding partners in all genomes
in which it is found.
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