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ABSTRACT. The solution NMR structure of a 22-residue %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 CXGRH&Ssume a
tetrahedral arrangement around thetZatom, with an average 2h—S bond distance of 2.30 A and a
Zn?*—N bond distance of 2.03 A. The NMR structure shows that ND1 of His20 binds to theafom.

The ND1-Zn?" bond is somewhat strained: it makes an angle of approximateélwiti the plane of

the ring, and it also shows a significant “in-plane” distortion of.18 comprehensive sequence alignment

of the SecA-ZBD from many different organisms shows that, along with the fo#ir ligands, there is

a serine residue (Serl2) 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 theSecB delivers the preprotein to SecA);(in addition,
cell membrane to function in cell wall biosynthesis, transport, interaction with SecB stimulates SecA ATPase activity (
and signaling. Preprotein translocase, otherwise known asb).
the “general secretory system”, is the essential multicom- The extreme C-terminus @sherichia coliSecA harbors
ponent system that catalyzes most translocation across the Zr¢*-binding domain (ZBD) that is critical for the
cell membrane. The central components of preprotein trans-interaction between SecA and SedB-@). The structures
locase are SecYEG, an integral membrane complex, andof SecA from Bacillus subtilis (9) and Mycobacterium
SecA, a peripheral ATPasel)( In the presence of the tuberculosis(10) have been solved, but the ZBD of te
substrate preprotein, these two components form a complexsubtilis SecA was absent from the structure, ail
and push the preprotein through the membrane by multiple tuberculosisSecA does not contain a ZBD. The interaction
cycles of ATP hydrolysisZ). between SecA and SecB is important for understanding how

One of the requirements of the translocation reaction is preprotein is delivered from the ribosome to the translocon,
that the preprotein must be unfolded. To meet this require- and our knowledge of this interaction was advanced by the
ment, many cells express an export-specific chaperone calledecent crystal structure éfaemophilus influenza®ecB with
SecB. SecB is a homotetramer that binds unfolded prepro-bound ZBD (1). The ZBD adopts a novel fold, binding to
teins and maintains them in a transport-competent state. SecB region of the SecB tetramer that agrees with results from
and SecA are able to form a complex, and it is thought that earlier mutagenesis studies2( 13). In the structure of the

complex, the Z&" atom is coordinated by the thiolates of
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to a resolution of 2.8 A, shows that theZr-imidazole bond were used. The buffer consisted of 20 mM deuterated Pipes
makes an angle of approximately °2®@ith respect to the pH 7.0, 50 mM NaCl, 5 mM Nap 0.5 mM TCEP, and a
plane of the imidazole ring. However, His20 shows a 2-fold excess of ZnGl to peptide. DSS (sodium 2,2-
relatively high temperature factor, and distance restraints dimethyl-, 2-silapentane-5-sulfonate) was added as an internal
between the Z#t and ligating atoms were applied during NMR standard.
refinement of the crystal structure, indicating that there may NMR Spectroscopyll NMR spectra were carried out on
be some uncertainty in the conformation of His20. Addition- Varian Unity 500 or Varian Inova 600 MHz spectrometers
ally, a strictly conserved serine residue was modeled as anat 25°C using 5 mm triple-resonancéi, 13C, >N probes.
alanine for reasons that are not clear. Sequence specific assignments were completed using DQF-
To gain further insight into the solution structure andzn ~ COSY (18) and TOCSY 19) experiments in both 90% 4@/
binding chemistry of the ZBD, we describe a high-resolution 10% DO and 99.95% BD. In all cases, water suppression
NMR structure for the ZBD oE. coli SecA. We show that ~ was accomplished using a wea s presaturation pulse of
the ZBD has no defined structure in the absence dfzn the HO resonance. TOCSY experiments were collected
ions. Coordination around the Zncenter was investigated  using a MLEV-17 spin-lock mixing period of 50 ms. NOESY
using extended X-ray absorption fine structure (EXAFS) spectra were collected using the hypercomplex method with
analysis on the Zi-bound peptide. The EXAFS data Mixing times of 300 ms and 75 m&@). Typical data sets
allowed us to apply experimental restraints on thé 25 comprised 32 or 48 transients and 512 increments for spectral
and Zr#*—N bond distances. Surprisingly, the NMR structure widths of either 5200 or 6200 Hz. All data were processed
of the ZBD shows that the N- and C-termini retain their using NMRPipe 21) and VNMR 6.1C software using a 60
conformation in solution; in other words, the ZBD does not shifted sine-bell squared function and zero filling to yield
undergo a large conformational change when it binds to final digital resolutions of 5.1 Hz/point (F1) and 2.9 Hz/
SecB. We find that the ligating histidine (His20) binds the point (F2).
Zn?* atom using its ND1 nitrogen, but that the imidazole = NMR Structure Calculationgroton-proton distances in
ring is not in an ideal conformation to make a low energy NOESY spectra in BD were calibrated by averaging all
Zn**—N bond, presumably because His20 is adjacent to resolved H1—Hp32 cross-peaks from AMX spin systems and
Cys19, another Z-ligating residue. Our analysis indicates ~ setting this distance to 1.78 A. NOEs involving aromatic
that Zrt* coordination is supported by a series of “second- protons were calibrated using th€H toeCH of Tyr16 and
sphere” interactions; in particular, the NMR data indicate Setting this distance to 2.46 A. All NOEs from spectra in
that Ser12 forms a strong hydrogen bond with one of the HzO involving amide protons were calibrated according to
Zn?*-ligating thiolates. Such second-shell coordinating in- methods of Gagnet al. (22) using in-house modified scripts
teractions have been catalogued for a variety éf zbinding for two-dimensionatH—'H spectra.
motifs (14), but the complete conservation of Ser12 in the ~ Coupling constants fotJun, were measured from high-
SecA-ZBD suggests that it has a critical role for propet'zn  resolution one-dimensiondH spectra and converted @
ligation and folding. angle restraints using the Karplus relationsti, 24). Psi
SecB is the only known binding partner for the ZBD of (%) angle restraints for the—1 residue were determined
SecA; however, we have analyzed available bacterial ge-uSing the NOE ratio ford'N'/la!™*N' residues 22). Ratios
nomes and found that the ZBD is frequently present even in > 1 were assigned tog angle of 120 & 100, while ratios
organisms that do not possess a gene for SecB, suggesting 1 were assigned @ of —60° + 60°. A comparison of

that the ZBD has binding partners other than SecB. is method withg, y angles derived using the program
TALOS (25) with aCH andaH input yielded similarp, i
EXPERIMENTAL PROCEDURES space restraints. Stereospecific assignment of AMX spin

systems was accomplished using the methods of Wagjner

Genetic AnalysisWe produced a custom sequence data- al. (26) through comparison of relative NOE intensities
base containing the predicted proteomes of 111 organismspetween NH,oCH, andSCH, protons in 75 ms NOESY
derived from completely sequenced genomes of bacteria,spectra and-coupling patterns in DQF-COSY spectrg.
archaebacteria, and eukaryotes. PSI-BLAS5),(initiated angles for stereospecifically assigned residues were input as
with representative protein sequences and witlEaralue ¥t £ 30°.
cutoff of 0.005, was used to gather all SecA and SecB  AJl structure calculations were carried out with CN&)
sequences. Multiple sequence alignments were generated byising the standard anneal.inp input file. Typically, 100
MAFFT (16) and CLUSTAL (L7), and were edited and  structures were submitted for calculation, and the best 20
compared using Jalview (www.jalview.org). In the end, 86 were chosen on the basis of residual NOE energy and
SecA protein homologues and 32 SecB homologues weregeometry. All initial structures were calculated withougZn
used. In most cases, each sequence occurred only once pgbn restraints to verify the position and geometry of possible
organism. All were from either eubacteria or eukaryotic zn2t ligands. After the Z&" ligands had been identified,
organelles. restraints were applied between the?Zand SG atoms of

Preparation of Zinc-Binding Peptide for NMR Studi€ke Cys8, Cys10, and Cys19 (2.30 A) and ND1 of His20 (2.03
SecA C-terminal Z#-binding domain was prepared by A), based on the EXAFS data. To impose tetrahedral
solid-phase synthesis using the FMOC protocol, and was geometry on the coordination, six additional distance re-
purified by reversed phase HPLC. The peptide has a massstraints were applied: three distance restraints (3.75 A)
of 2459.22 Da, determined by electrospray mass spectrom-between the SG atoms of the cysteines and three distance
etry. NMR samples were made up in either 90/LOHD,0O restraints (3.60 A) between the ND1 atom of His20 and each
or 100% DO. Peptide concentrations of 1.7 and 3.5 mM of the cysteine SG atoms. The coordinates for the 20 lowest
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energy structures, calculated either with or without distance T,p1e 1: NMR Structure Parameters
restraints to the Z1 atom, have been deposited in the PDB
(28) with ID 1SX1 and 1SX0, respectively.

X-ray Absorption AnalysisThe peptide (5.1 mg, 2.07
umol) was dissolved in 1 mL of a buffer comprised of 50

ZBD-Zn?
(NOE restraints and
Zn?*-coordination
restraints)

ZBD? (NOE

parameter restraints only)

mM Hepes, 1 mM TCEP, 32% glycerol, pH 7.5. To this NOE distance restraints (total) 274 274
solution was added 19.6L of 100 mM Zn(OAc). The intraresidue 121 121
solution remained clear after the addition of Zn(OAahd gﬁgﬁergtr%'e 252’ g‘;’
was sterilized by passage through a Qu22 syringe filter. long range 56 56
A few grains of 1,1,1-trichloro-2-methyl-2-propanol were zinc restraints _ 0 10
added to the solution to inhibit microbial growth. The 2 mM d'h;dra' angle restraints e e
ZBDsample was loaded imta 2 mmtitanium cell with 63 P 16 16
um Kapton windows. X . _ 6 6
The Zn K-edge X-ray absorption spectra were recorded ﬁgrg‘\’/?&g%gﬁgass'g”mems 0 ° 0 9

using the focused beam at BL-12C at the Photon Factory of avg. CNS energies (kcal/mel)

High Energy Accelerator Research Organization (Tsukuba, total energy 28.73# 2.58 30.23£ 2.71
Japan), under dedicated conditions (2.5 GeV, 300 mA). Ra’?'nagh%';%rgﬁ statistics 0.92£0.29 1.050.54
Harmonics from the Si(111) double crystal monochromator  fayored 75.4% 79.6%
were rejected using a rhodium coated focusing mirror. A allowed 18.60/3 15.7({?
RMC continuous-flow liquid helium cryostat maintained a gf’sgflg\’,t,’esg’ allowed 06(')10/0/" 04(')6%/0
constant sample temperature of 20 K. RMSD to mean structure ' '

The Zn K-edge XAS data were recorded in fluorescence éA)akrgsidues 220 0.98 0.03 0.19% 0.03

i ni - i ackbone atoms . . . .

mode by means of a liquid nitrogen cooled 19-element solid heavy atoms 073 0.05 0.72£ 0.08

state Ge detector array. The energy window of the detector
elements was adjusted around the ZpfKiorescence line
to reduce the background of scattered radiation. The signal

2The coordinates for the 20 lowest energy structures, calculated

either with or without distance restraints to the?Zatom, have been
deposited in the PDB2@) with ID 1SX1 and 1SXO0, respectively.

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 averagedfér the ZBD

Table 2: Conservation in the ZBD of SecA

sample. The XAS spectrum was obtained B¢ versus

energy, wherdy 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 (9668720
eV), and 3 eV in the EXAFS region (97200 700 eV), with
2 s of integration time for each step. The total integration
time per scan was 28 min, wit7 h oftotal 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 syster9). 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 kespace, wheré = (87°my/
h?)(E — Ey), using a threshold energy & = 9661.5 eV.
Above the edge, the atomic background contribution was

position residue conservatibn change’
1 K 42 4T,4Q,2H,2N,2G,l,E,D
2 V1L 55 2T,2P
3 G 45 4S,3K,2A,2E,P,H,N
4 R 57 AK
5 N 58 D
6 D,E 52 4A.2T,G
7 P 50 2L,3A2K,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 2LM
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,31,2L,2V

removed by subtracting an 8-region cubic spline. The least-

= 2.5-15.1 A% and Fourier-filtered data, for which the

aNumber of sequences (out of the 59 ZBD-containing SecA
squares refinements were performed using both raw #ata ( molecules) in which residue(s) in the first column océulumber and

nature of amino acid changes at a given position.

EXAFS data were Fourier transformed over differdnt
ranges, followed by back-transformation over thenges
given in Table 3.

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

The parameters in the above equation are as follows: the
numberN; of backscattering atoms at the mean distaRce
from the absorber in thath shell; the DebyeWaller

parameterci? related to the mean-square variation in a

N S°(K)
2k = zk—Rzueﬁ(k)|i-exp(—2kzoi2)-exp[—2w

AK)]-sin[XKR + ¢;(K)] (1)

Gaussian distribution of distances arouR¢the scattering
variablek; the effective amplitude functioffes(K)|;; the total

phase-shifp;;(k) of the absorberscatterer pair; the photo-
electron mean free path(k); and the amplitude reduction
factor S2(K).
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Table 3: Determination of Z#-ZBD Coordination Parameters by dl_derm organisms (organlsms with an outer membrsﬁ_ﬁ (
EXAFS? Figure 2). We found that in all of the SecB-containing
krange  FT-filter  coordination organisms (31 out of 86 genomes analyzed), the SecA
fit (A%  rrange (A) no® RA)¥ o2(A) sz @ molecule contained a ZBD, consistent with the observation
1 25151 1.0-25 1N 2.03 04 099 12.0 that SecB function is dependent on the presence of the ZBD
3S 2.30 4.3 in SecA (7). On the other hand, organisms that did not
2 254l 1025 ég 22'%% i‘% 1o7 111 contain SecB (55 out of 86 genomes analyzed) were evenly
3 25127 0924 IN 203 20 100 109  divided between those that have a SecA with a conserved
_ 3S 229 45 ZBD (28 organisms) and those with SecA lacking the ZBD
4 257154 unfitered AN 208 94 19921 (27 organisms). Of the organisms represented in the align-

ment in Figure 1, onlE. coliandM. loti have SecB in their

a i . _ +_ . .
Curve-fitting results for zinc K-edge EXARS data of Zri™-ZBD. genome; therefore, the presence and high conservation of

b Parameter values in bold are held consta@n—backscatterer

distance ¢ Debye-Waller factorx 1% ¢ Residual. the SecA-ZBD in organisms that lack SecB suggests that
the domain has other, as yet uncharacterized functions.
The x(K) model function was constructed using tak Solution Structure of the SecA Zinc-Binding Domahn.

initio calculated amplitudy(K),, phase shifis;(k), and mean previous 2.8 A resolution crystal structure was dete_rmined
free pathi(K) functions by means of the FEFF (7.02) program for @ complex of the SecA-ZBD and SecB fréaemophilus
(30). In our least-squares refinements of tkieweighted influenzaewe have determined the solution structure of the
EXAFS data, the coordination numbers were fixed according iSolatedEsherichia coliSecA-ZBD using two-dimensional
to the Zr*—S;N model, allowingR, 62, and AE, to float. IH NMR spectroscopy. The peptide used for the structure

AE, values varied between 4.7 and 5%?(k) was refined, analysis was produced by solid-phase synthesis using
except wherknax < 13 A1, vielding values of about 1.0 Uunlabeled amino acids and comprised the C-terminal 22

(Table 3). The accuracy of the bond distangeis within residues fronk. coli SecA, residues 87901: KVGRND-

+£0.02 A. PCPCGSGKKYKQCHGR. In the interest of simplicity, and
because the length of the linker region is variable in SecA
RESULTS molecules, we will refer to the N-terminal lysine of the

. . . coli ZBD as residue 1.
Sequence and Phylogenetic Analysis of the C-Terminal

: ; ; Zn?" is required for folding of the ZBD, as indicated by
Domain of SecAThe sequence alignment of the ZBD (Figure . X ’ )
1) shows that the four putative Zrcoordinating amino acids one-dimensionalH NMR spectra r_ecorded for the ZBD in
(Cys885, Cys887, Cys896, and His897Eincoli ZBD) are the absenpe and presence oF*ZCHg_ure 3). The spectrum
conserved (the histidine is sometimes replaced by cysteine,recorded in the gbsen_ce of _%n(ﬁggre .3A) has sharp.
which could also function to coordinate Zn. The ZBD resonances and !|ttle d'sperS'OPv |nd|cat|ng that the amino
sequence is intriguing for a number of reasons. First, the acids of the peptide are sampling many different environ-

spacing between the Zircoordinating residues is extremely ments, as expec+ted _for unfolded peptide. Upon the addition
short— there is only one residue, almost always a proline, of 2 equiv of Zi#" (Figure 3B), a second set of resonances

between the first two cysteines, and the second tw&Zn appears consistent with Znbinding in the slow—excharige .
coordinating residues are always next to each other in the'€9Ime. Thes.e resonances are more well resolved, indlcat|ng
sequence, which is rare for zinc fingers and othe?*Zn that the peptide adopts a stable, folded conformation.
binding motifs, and in fact there are no examples of &Zn The complete sequential assignment for thé Zsound
coordinating motif in which the ligating cysteine and histidine ZBD was carried out using standard two-dimensioftl
residues are adjacent to each other. Furthermore, there ar®MR experiments. In particular, the well-resolved chemical
always exactly 8 residues between the two pairs of putative shifts allowed us to assign all but 5 of 131 nonexchanging
Zr?*-coordinating residues. There are several other conserveddrotons from the 22 residue ZBD. In addition, stereospecific
amino acids in addition to the residues thought to b&tzn assignments for the AMX spin-systems N5, D6, C8, C10,
ligands; these include a GlSer-Gly motif, several basic Y16, and C19 were used to obtgihangle information used
residues, and an aromatic residue. This raises a secondn Structure calculations. The solution structure of ZBD was
intriguing property of the ZBD, which is its extreme]y h|gh determined using 274 distance restraints and 33 angular
overall sequence conservation. The compact nature of the(¢.y.x") restraints. No hydrogen-bonding restraints were
motif may dictate a low tolerance for amino acid substitu- used. Because NMR experiments did not identify*Zn
tions; a|ternative|y’ the h|gh degree of sequence Conser\/ationprotem interactions, initial structure calculations did not
could indicate a conserved interaction with other macromol- include restraints related to metal ion coordination. From a
ecules. family of 100 structures, the 20 lowest energy structures
SecB is an export-specific chaperoBd)( and a function _havi_ng no NOE violations were sele_cted and are presented
of the ZBD on SecA is to engage preprotein-bound SecB, iN Figure 4A. NMR and stereoghemical parameters for the
thereby directing the preprotein to transloci at the membrane 20 structures of the ZBD are given in Table 1.
(3, 7). We used the available microbial genome sequences The superposition of the ZBD structures shows excellent
to investigate whether the presence of SecB was correlatecagreement with an RMSD to the mean structure of G21
with the presence of the ZBD on SecA. SecA is present in 0.03 A for the backbone atoms of residues2® and 0.73
all of the sequenced genomes, consistent with its essentiak= 0.05 A for all heavy atoms (Table 1). The geometry of
role in translocation32). With the expanded number of fully ~ the structures, as assessed by PROCHECK-NMR, showed
sequenced genomes, it is clear that SecB is found only inthat all of the residues were in the favored and allowed
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ecoli 1 [PlkolE Y|k RIE|s FsMFla AMLESLKYEVISTLSKVQVR=- == === MPEEVEELEQQRRMERA 50
mloti 1 |[PLIQE¥Y|[KGE[AFEL|F|QAMLENLRQAVTAQLMRVELV = = = = = = = RQAREAP-PPEAPDMF 49
bsubt 1 |[PLRIEY[OME|[GCFAMFIEEMIES|IIEDEVAKFVMEKAEIE - = = = = = = = = - - - o e e e === = = 34
llact 1 [P[TVIEY|[QEE[S Y KMYNNMIGA[IIEFEVTRLMMEAQI Q- == = = = - = - - e e e e e e e === = = 34
tpall 1 PLTEYKLEGFDLEYT LDD|JIJRLSIASQVVRVTVHME--EQRVPRPPHVAQAAHEFQA 55
blong 1 [PLVIEY[QRIE[GYQMYNSMIEA|[IIKEETVQLLFHIDIKQVATTDEAVDEVEETAESADTIA 57
bthet 1 PLLIYKLESVTLDB VNEK|IINNQTISILMRGQIPVQ-EAPADEQQPRRVEVRQARAPE 56
ecoli 5] ERLAQMOQOLSHODDDSAARAARALAAQTGE - === -0 c 0 m m e e e e e e e e e e e e e e e e e = = 78
mloti 50 GTHIDGTTGENDFEGGETALLVROQEQNAVVAPEDRDP -NN-=-=--cc-cceeuooooo- 88
bsubt 35 —----- NNLEREEVVQGQTTAHQPQEGDDNKKAKKAP - == - - - c c c c e e e e e - - == = 65
llact 35 -=---PQTAIRQEAPRMTTTASQENITNVDTEHSVSE---cccccm e e e e e e e e m e = = 66
tpall 56 LGQPGRGHGSLSALP----- - - e e e e e mmmmc e mc e c e mcc e e e e e === == 70
blong 58 VASGPDENGESVVEAAEGEVEEEDEDTDAKQAIAESAARASGAGESTLPVAGPAPISH 114
bthet 57 QRQDMSKYREQKQDLSDPNQQAAASQDTREQQKREP - - - - - - - o o e e e e e e e e - = = 92
ecoli T RE[VGRN|DIPCPCGSGKEKYK|QICHG|RL Q 103
mloti 1 - T W W —— QATWGK|[VGRN|EA|CPCGSGKKYK|H|CHG|AFA 117
bsubt 66 ~=mmececcmccme e e E - ——— VRKVVDIGRNAPCEICGSGKKYKNCGRTE 94
llact [ L EISFENVGRNDLCPCGSGKKKNCHGRTHIA 97
tpall Tl e e e e e e e e e - == IQAGAKVGRNTPCPCGSGKKYKHCGR 97
blong 115 AEGKVPVSKRPKSEELKTPWADGRTFPGTGENAPCPCGSGEIKYKMCHGQNEK 166
bthet L I IRAEKT|VGRN|DJPCPCGCGSGRKKYKN|CHG|QNA 121

Ficure 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 65 residues of very poorly conserved sequence, ending in the highly conserved zinc-binding
domain. In the case d&. coli, the first residue shown is Pro799. Note that of the organisms represented in the alignmeht, aniiyand

M. loti contain SecB in their genome (see Figure 2). The short names refer to the organisms as follow€Eseketichia coli mioti,
Mesorhizobium lotibsubt,Bacillus subtilis llact, Lactococcus lactistpall, Treponema pallidumblong, Bifidobacterium longumbthet,
Bacteroides thetaiotamicron

regions of the Ramachandran plot, except for Cys19, which core, it is remarkable that the entire structure is so effectively
falls in a “generously allowed” region. stabilized by the presence of theZratom.

EXAFS analysis of the Zi-ZBD complex (see below) We have aligned the ZBD sequences found in the 59
indicated tetrahedral geometry with Za-N and Zr#"—S organisms that contain SecA with a ZBD; the nature of the
bond distances of 2.03 and 2.30 A, respectively. These data@mino acid changes at each position is indicated in Table 2.
were incorporated into our structure calculations by including There are five residues that are perfectly conserved: Cys8,
restraints in the bond distances between th& zmom and ~ Cys10, Ser12, Gly13, and Cys19; in addition, His20 is only
its four ligands, as well as restraints between the coordinating€Ver replaced by cysteine, and Tyr16 is only ever replaced
atoms. The presence of these additional restraints resultedy Phenylalanine, and so these residues exhibit a very high
in only a modest shift in the backbone of the ZBD structure, degree of functional conservation. An analysis of the structure
and, importantly, none of the previously determined NOE (Figure 5) illuminates the role of these conserved residues.
restraints were violated. The final structures for thé‘zn  First. the NMR structure and the EXAFS analysis (below)
ZBD complex are presented in Figure 4B. Note that several INdicate that the three cysteines, Cys8, Cys10, Cys19, along

NOE restraints dictate that ligation by His20 is through ND1 with His20, provide the primary coordination for the Zn

and not NE2, consistent with the crystal structural analysis Zﬁgmric;nirtggche)g:egrcpzj;lé%gwsngeiiv?:nsti?gBathﬁ there
in which ND1 was chosen as the Znligand (11). rgating

) o ) residues. Evidently, the compact nature of the ZBD does not
What is perhaps most surprising about the collection of jjow for any flexibility in the relative positions of the pairs
NMR structures is their very strong agreement with one of Zn?*-coordinating residues.
another; in other words, the ZBD maintains a tightly folded, 5 ¢ interesting feature of the ZBD is the strained nature
compact conformation even when it is free in solution. This ¢ i1a interaction between Cys19, His20, and th& Ziom.
relatively high degree of structural stability extends to the geyeral NOE restraints fix the conformation of the His20
N- and C-termini, residues—17 and 21-22, even though  imjidazole ring such that ND1, and not NE2, must be the
they are outside of the region directly stabilized by*Zn  pitrogen that binds the 2 atom. This is somewhat unusual
The Conformation Of the N'terminus, in particular, iS baCked because most Structura| zfnatoms are bound to the NE2
by NOE data showing a stable interaction between Tyrl6 atom of ligating histidine residues, whereas binding by ND1
and Val2. The conformation of the N- and C-termini in the js more often found in Zt metalloenzymes such as carbonic
solution structure of the ZBD closely resembles that when anydrase Ab initio molecular orbital energy calculations
it is bound to SecBX1), indicating that there are no major indicate that the lowest energy state for2Zaimidazole
structural changes when the ZBD interacts with SecB. We complexes is one in which the Zn—-N bond bisects the
have shown that the peptide is completely unfolded in the C—N—C bond and is in the same plane as the imidazole
absence of Z4t, and, given the lack of regular secondary ring (34); see Figure 6 for conventions. When high-resolution
structure in the ZBD, as well as the absence of a hydrophobicstructures of metatimidazole complexes are analyzed, the
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— 15644326-Thermotoga maritima +
15606905-Aquifex asolicus = 0.1
r 32261865-Helicobacter hepaticus  ——|
I { 15645405-Helicobacter pylori =

15792271-Campylobacter jejuni =
|—1 5234320-Arabidopsis thaliana
1

6331549-Synechocystis sp. =
| |_|‘: 17232343-Nostoc sp.
22299394-Thermosynechococcus elongatus
15805602-Deinococcus radiodurans =
B 23465979-Bifidobacterium longum
15842829-Mycobacterium tuberculosis +
15827340-Mycobacterium leprae +
19551985-Corynebacterium glutamicum
25027330-Corynebacterium efficiens
28572302-Tropheryma whipplei
21221448-Streptomyces coelicolor
29831614-Streptomyces avermitilis
29840680-Chlamydophila caviae
r:16?5219?-0hlamydophlla pneumoniag=
| E 15834799-Chlamydia muridarum =
15605434-Chlamydia trachomatis=
2934977 0-Bacteroides thetaiotamicron
— L—— 21674062-Chlorobium tepidum
15594499-Borrelia burgdorferi =
15639370-Treponema pallidum -
15828574-Mycoplasma pulmonis +
— | 13357676-Ureaplama urealyticum +

26553999-Mycoplasma penetrans
Ll — 12044924-Mycoplasma genitalium +
13507949-Mycoplasma pneumoniae +
31544235-Mycoplasma gallisepticum

mb [ 28377599-Lactobacillus plantarum
| 15901536-Streptococcus pneumoniae
22537827-Streptococcus agalactiae
21911101-Streptococcus pyogenes +
24830200-Streptococcus mutans
15672097-Lactococcus lactis +
29376311-Enterococcus faecalis
15923743-Staphylococcus aureus +
27467453-Staphylococcus epidermidis
16804548-Listeria monocytogenes
16801715-Listeria innocua
30023222-Bacillus cereus
30265213-Bacillus anthracis
16080583-Bacillus subtilis +
23099951-Oceanobacillus ihevensis
15616168-Bacillus halodurans +

28210087-Clostridium tetani

15896101-Clostridium acetobutylicum +

18311153-Clostridium perfringens
20807023-Thermoanaerobacter tengcongensis

24214660-Leptospira interrogans
19705039-Fusobacterium nucleatum =
N — 15604428-Rickettsia prowazekii =
15892802-Rickettsia conorii
16126298-Caulobacter crescentus =
27375315-Bradyrhizobium japonicum =
23502795-Brucella suis
17986405-Brucella melitensis
13472996-Mesorhizobium loti =
15891419-Agrobacterium tumefaciens =
15966380-Sinorhizobium meliloti=
15837408-Xylella fastidiosa
21230208-Xanthomonas campestris
21241558-Xanthomonas axonopodis
15677388-Neisseria meningitidis =
— 17547553-Ralsonia solanacearum
30248812-Nitrosomonas europaea -

28871535-Pseudomonas syringae
4|__[:269880?9-Pseud0m0nas putida
15599599-Pseudomonas aeruginosa=
———————— 29653505-Coxiella burnetii
M 16272846-Haemophilus influenzae -
15603084-Pasteurella multocida =
27364031-Vibrio vulnificus
1 |'|:2889?241-an'o parahaemolyticus
L—15642391-Vibrio cholerae -
24375696-Shewanella oneidensis
16120892-Yersinia pestis
16759131-Salmonella enterica
16763526-Salmonella typhimurium=
24111543-Shigella flexneri
15799732-Escherichia coli =
21672481-Buchnera sp.=
24324180-Wigglesworthia brevipalpis

Ficure 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 | 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 Il organisms carry a ZBD-containing SecA, while the Group Il 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 membraB8; 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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Val2-UF its relationship with Serl2: Serl2 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 &* 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

i Cys19. Thus, Serl2 mediates a hydrogen-bonding interaction

B His20-F  TYr16-F Tyr16-F  vai2-F between the thiolate of Cys19 and the amide of residue 14,

N \ / \ thereby stabilizing the main-chain structure around th& Zn
Tyr16-UF
Va Z&UF

atom. The strength of this interaction is borne out by the
I NMR data, which show the OG proton of Serl2 in slow
exchange and having NOEs to its own CB protons, the CB

Tyr16-UF
A y

protons of Cys8, Cys19, and Lys14, the CA protons of G11,
and the main-chain amide protons of Serl2, Gly13, and
R N N R RN R /SRR Lys14. This indicates that the hydrogen bond between Ser12
9.5 9.0 8.5 8.0 7.5 7.0 6.5 1.0 0.5 . .
ppm and Cys19 is exceptionally stable.
The other conserved residues are Glyl3 and Tyrl6. The
FiGURE 3: Zinc-induced folding of the SecA C-terminal domain. packboneg and ¢ angles of Gly13 are 127and —29°
A one-dimensionatH NMR spectrum of the 22-residue peptide : : ’
representing the C-terminal zinc-binding domain of SecA was resplzcgvely, a_nd(tjherefore achznge in the backbo_ne St.r ucture
collected in either the absence (A), or the presence (B), of 2 equiv Would be required to accommodate any other residue in that
of Zn2*. For the sake of clarity, only the low- and high-field regions ~ position. One effect of a change in the backbone conforma-
are shown. The Zi-induced changes in the spectrum are consistent tion in this region would be to compromise the ability of

with the peptlde changing from an UnStrUthred and rapidly the NH group of Lysl4 to make a Strong hydrogen bond
exchanging regime to a folded conformation. A number of with OG of Ser12

resonances in the unfolded form (i.e., for the peptide in the absence . . .
of Zn2*) did not fully disappear upon addition of Zn(OAgfwo Tyrl16, which is sometimes replaced by Phe, provides the
of these are illustrated, Val2 and Tyrl6 (UF and F refer to the only “hydrophobic core” of the ZBD: it contacts CA of
resonances from these residues in the unfolded and folded forms,Gly21, the side-chain carbons of Val2, which is usually a
respectively). Note that in the 1D spectrum of the peptide recorded hydrophobic residue in the ZBD sequences, and the side-
in the presence of 2n (B), a resonance from His20 obscures the chain carbons of Pro9. which is also highl d. Th
peak remaining for the Tyr16 “unfolded” resonance. ' ' nighly conserved. The
edge of Tyrl6 also makes contact with the thiolate of Cys8;
bond between the metal and the imidazole nitrogen is, on although the exact nature of this interaction is not clear, the
average, about°sout-of-plane with the imidazole ring, and presence of a conserved aromatic amino acid next to metal-
the “in-plane” distortion (i.e., the deviation of the Zr-N coordinating residues has been noted previously and has been
bond from a perfect bisection of the-®I—C bond) is 2-3° shown to be important for metal-dependent foldi&6)( The
(34, 35). In the 20 lowest energy NMR structures, the values numerous NOEs between Tyrl6 and other residues, particu-
for the out-of-plane angle&, ranged from 43to —5°, with larly Val2, indicate that it is the central and most important
an average value of 27+ 12° (mean# s.d.). Using our  residue in maintaining the conformation of the N-terminal
conventions, the values f@ in the two ZBDs of the SecB-  amino acids.
ZBD complex structure1(l) are —20° and —23°; in other X-ray Absorption Analysis of the Zinc-Binding Domain.
words, the ligating imidazole ring in the crystal structure is The NMR structure obtained in the absence of any restraints
tilted in the opposite direction. The Zn—-imidazole bonds between the Z# atom and the peptide was consistent with
in the 20 lowest-energy NMR structures also had significant Zn?"-coordination by Cys8, Cys10, Cysl19, and His20,
in-plane distortions (angl®, Figure 6A), tightly clustered  although when a Zt atom was modeled into the structure,
around an average value of 13 2° (mean + s.d.). the bond distances and coordination geometry appeared to
Regarding the coordination of Znby Cys19 and His20, it  be somewhat distorted; furthermore, it seemed possible that
is noteworthy that all of the residues in the ZBD structure a water molecule could also interact with the?Zratom,
have favorable main-chain dihedral bond angles, except foryielding pentavalent coordination. Because of the unusual
Cys19 with¢p = —150¢° andy = —79°, which falls in a sequence of the ZBD, and in particular the spacing of the
disallowed region. The distortion in the Znr-imidazole putative Zit ligands, we characterized the environment
bond and the strained main-chapfhy angles for Cys19 are  around the metal ion using X-ray absorption spectroscopic
likely due to the unprecedented situation of having the analysis to ensure that the Zn-peptide restraints we applied
cysteine and histidine ligands adjacent to each other. to the NMR structure were justified.

Another interesting feature of the ZBD is the “second  The X-ray absorption near edge structure (XANES) spectra
sphere” of coordinating interactions. That is, the three of Zn**—peptides are sensitive to the number of coordinating
thiolates bind the Z#t atom, and they also participate in  sulfur and nitrogen atoms and can be used to characterize
hydrogen-bonding interactions with other groups on the the Zr#* ligation (37, 38). The first XANES peak corre-
peptide, further stabilizing the structure. The thiolates of Cys8 sponds to the 1s~ 4p transition and is sensitive to the
and Cys10 are positioned to accept hydrogen bonds fromcoordination geometry around theZrsite 39): an intense
the main-chain NH groups of residues His20 and Serl2, peak is an indicator for Zi being in a 5-coordinated
respectively. Most interesting is the situation with Cys19 and environment, while it is generally weaker in 4-coordinated
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FIGURE 4: Structures of the SecA-ZBD determined by NMR spectroscopy. The 20 lowest energy structures determined forBBZn

complex, calculated with (A) the NMR data alone, or (B) the NMR data along wittZ28 and ZA*—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 eRfesidues 2
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 thé Zigands Cys8, Cys10, Cys19, and His20, as well as Val2 and Tyrl6 which are
important for maintaining the structure of the 7 N-terminal residues. The figure was produced with MOLABDL (
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Ficure 5: Structural features of the SecA-ZBD. A stereoview of the overall fold and highly conserved side chains of the SecA-ZBD. Val2
and Tyrl6 interact, stabilizing the N-terminal residues. Th& Zigands are Cys8, Cys10, Cys19, and His20; note that ND1 was identified
as the nitrogen bound to the Znatom and that the ZAi—ND1 bond makes an angle of approximately With the plane of the imidazole

ring. Serl2 makes a hydrogen bond with Cys19. The figure was produced using Molé6yiph¢l Raster3D47).

Zn*t complexes 38). The observed XANES spectrum of A B
the SecA-ZBD, in which a strong peak at approximately 9663
eV is absent, is therefore consistent with a 4-coordinated h
Zn?* (Figure 7A). o\,

The extended X-ray absorption fine structure (EXAFS) n
spectrum for the Z&-ZBD was analyzed over a wide
k-range, 2< k < 15.1 AL The corresponding Fourier
transform (Figure 7B, distances not corrected for phase shift)the imidazole ring using two parametef,and®, as defined in

displays a major peak at 1.9 A with a shoulder around 1.6 Carrell et al. (34). (A) The in-plane distortion (anglé), which

A, which is consistent with ZA1—SN coordination 87). refers to the angle between the2ZaN bond and the line that
The small peak at 2.7 A can be attributed to the outer shell bisects the imidazole ring-eN—C bond angle (dashed line). (B)

backscattering between Znand the imidazole ring carbon  The out-of-plane distortion (ang®), which is defined by the angle
atoms. that the ZA"—N bond makes with the plane of the imidazole ring.
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Ficure 6: Geometry of the Z#t—imidazole bond. In addition to
its length, the Z&"—N bond is characterized by its relationship to
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FiGure 7: X-ray absorption analysis of the SecA-ZBD. (A)
Normalized Zn XANES spectrum of the ZrZBD. Note the
absence of a strong first peak at approximately 9663 eV, which is
consistent with a four-cooordinated Zn(38). (B) Thek3-weighted
Zn?t K-edge EXAFS spectrum (inset) and corresponding Fourier
transform for the ZAt-ZBD over the rang&k = 2.5-15.1 AL,

The Fourier transform shows that the 2ZnEXAFS
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 A from theZZpnand ND1
of the imidazole ring is at 2.10 A from the Zn Least-
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Ficure 8: Model fitting to EXAFS data. Curve fittings of
k3-weighted ZA* K-edge EXAFS using the 2ri-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 2ZBD model

to the raw data (fit #4, Table 3). (B) Fit of the ZrZBD model to

the Fourier-filtered data (fit #1, Table 3).

able value of 2.0; in these cases, the DebWéaller
parameter for the Zi—N bond distance showed a correla-
tion with the amplitude reduction factoiSf), probably
because of the noise level in the highrange (Figure 8),
and thereforé&,? was fixed at 1.00 for the refinement using
a restricteck-range knax < 13 A% Table 3, fit #3). Thus,
the unreasonably low Debyé&Valler parameter for the
Zn?*—N bond appears to have its origin in the highange
data; note that use oflarange under 13 Al is typical for
aqueous solutions of peptides or protei3)( The higher
0? value for Z#*—S as compared to that for Zn-N
indicates that there is a distribution of the three-Zhbond
distances around the mean value of 2.30 A.

To summarize, the SecA-ZBD model derived from NMR
is consistent with the EXAFS data that indicate tetrahedral
coordination, with a mean 2h—S distance of 2.30 A and a
Zn2*—N distance of 2.03 A.

Complex Folding of the SecA-ZBWhen Zr#*-induced

squares refinements of a few structural parameters, such agolding is followed using NMR, it is apparent that some

the coordination distanc®, and the DebyeWaller param-
eter,o?, were performed by fitting the model oscillations to

resonances representing the unfolded conformation of the
peptide do not completely disappear upon addition of

the experimental EXAFS data. The least-squares curve fitting Saturating amounts of Zh. For example, the well-resolved
can be made on the “raw” (unfiltered) data, or on Fourier- resonances for the methyl protons of Val2 at 0.92 ppm and

filtered EXAFS curves, which are obtained by eliminating

the ring protons of Tyrl6 at 7.10 and 7.95 ppm in the

peaks from long distances and physically unreasonable peaksinfolded peptide recorded in the absence of*Zfrigure

at low r-values. Fitting either the raw or the filtered
experimental data with the ZBD model consistently yielded
Zn?*—N and Z@*—S distances of 2.03 and 2.30 A,

3A) are present even after the addition of 2 equiv ofZn
Analysis of the peak integrals shows that theZimduced
conversion to the fully folded conformation occurs for

respectively (Table 3), in accordance with the restraints we approximately 60% of the peptide. All of the well-resolved

imposed for the structure determination.
The Debye-Waller parameterg?, provides a measure of

resonances can be accounted for by the one fully folded
conformation, and therefore the fraction that does not adopt

the mean-square vibrational displacements together with thethis conformation appears to remain largely unfolded. In
static disorder of the backscattering atoms. Refinement of @ddition, resonances for the unfolded form of the ZBD had

unfiltered data resulted in an unreasonably lwalue for
Zn?*—N, and it was therefore fixed at» 10~ (Table 3, fit
#4), which represents the value obtained from fitting the
filtered data in a similak-range (Table 3, fit #1). When the
model was fit using lowek-ranges (Table 3, fits #2 and
#3), the Debye-Waller parameter refined to a more reason-

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
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experiments by ESI-MS, and we found that the molecular His (Cys21#His218) sequence, but in the crystal structure
weight, 2459.34+ 0.5 Da, corresponded with the fully of the reduced form of the enzyme, a%rns ligated by
reduced form (theoreticdflgr 2459.2 Da); furthermore, the  Cys217 and two other cysteine residues, plus a homocysteine
mass spectrum recorded after the NMR experiments showedsubstrate analogud?). The histidine in this case does not
no significant differences from that of the newly synthesized directly bind the ZA" ion, but instead may function as a
peptide. Preliminary experiments in which the temperature second-sphere ligand, donating a hydrogen bond to the
and pH were altered, as well as the quantity and rate of thiolate of Cys217. Interestingly, the thiolate of Cys217 also
addition of Zr#", had no effect on the fraction of peptide makes contact with a nearby tyrosine residue (Tyr160),
that adopted the fully folded conformation. Although at this reminiscent of the interaction between Cys8 and Tyrl16 in
point the exact nature of the unfolded ZBD is not known, it the SecA-ZBD structure.

does not contribute in a significant way to the experimental  The NMR analysis shows that the Zrbinding site is not
NMR spectra, and therefore our structure determination of preformed, but instead the ZBD polypeptide must fold as it
the fully folded Zr#*-bound peptide is not affected. We  pinds zr+. This folding process is complicated by the
intend to more fully characterize the folding of the SecA- presence of two proline residues in the sequence, at positions

ZBD in subsequent studies. 7 and 9. In particular, Pro9, which is situated between the
Zn?* ligands Cys8 and Cys10, may cause problems with
DISCUSSION folding if the Pro9-Cys10 bond adopts @s conformation.

We have solved the solution NMR structure of a novel We have found that there are two conformers that can be

zinc-binding domain (ZBD) found on the SecA subunit of §epa_rated by RP'HPLC.: (data not shown_), all of which have
preprotein translocase frofsherichia colj and details of identical molecular yvelghts correspondm_g to t_he reduced
the immediate environment around theZ2Zratom were form of the polypeptide. These conformational isomers are

; - : ; t likely the result of one or moumgs prolyl peptide bonds.
elucidated using X-ray absorption analysis. A crystal struc- mos :
ture of this domain was revealed first in a complex between W'th_ respect to the NMR anaIyS|s,_ we have found that_a
it and the translocase-specific chaperone, SecB, both froms'gnlflcant fraction of the polypep_t|de appears to remain
H. influenzag11). A comparison between the two structures unfolded_when alarge excess ofZiis qdded. One poss_|ble
shows that the conformation of the N- and C-terminal €XPlanation for these results is that higher concentrations of
residues does not change when the ZBD binds SecB,; this jsEXCESS Z.# are able to stgbmze theis prolyl bonds that
somewhat surprising given the fact that the?Ztigands, could e.X'St In subp_opulanons of the _pept|de, sl_owmg or
C8, C10, C19, and H20, span only half of the peptide. The preventing the foIdmg_of -these fre_lcuons. We intend to
NI\/’IR—de'rived ’model dif,fers from the crystal structure in investigate further the kinetics of folding of the ZBD, as well
several important aspects: in the conformation of the His20 2% t.he role of Se.r12 in folding and stability.
side chain, the main-chain conformation between Pro9 and Finally, we believe the SecA-ZBD has roles other than
Cys10, and the conformation of the Ser12 side chain. simply binding to SecB. A phylogenetic analysis indicates

The SecA-ZBD has an unusual and highly conserved that i_n _almost half of t_he organisms _that carry a ZBD-
sequence; in particular, two of the Zrligands, Cys19 and containing Se<_:A, there is no gene cqqmg for SecB._It may
His20, are adjacent to each other. The presence of adjacenPe tha.‘t there is another export—sp(_eclﬂc cha.perone. In thgse
Zn?*-binding residues has been observed in one other protein,or.ganlsms and Fhat the ZBD ’T‘e.d'ates an interaction with
RNA polymerase subunit RPB1@4), but in RPB10, the this chaperong in-a manner similar to that of the SecA
adjacent ZA" ligands are both cysteine residues. It would SecB Interaction. Alternr_ﬂtlvely_, the SecA-ZBD may have
appear from the NMR structure that the adjacent position of _other,_ as yet uncharacterized binding partners in all genomes
the Cys-His Zr?* ligands is less than optimal: the main- N Which itis found.
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-  \ye thank Prof. Radhey Gupta for useful discussions. We

sponds to a well-populated rotamel}, the bond between g atefully acknowledge the beam time and the staff support

the Zrt* atom and ND1 of the imidazole ring is not ideal, proyided at the Photon Factory, with special thanks to Prof.

with a large out-of-plane angl€), of 17° and an in-plane  \jasaharu Nomura. Thanks are also due to the Alberta

angle,®, of 13, Synchrotron Institute for supporting the BioXAS project at
The alignment of 59 ZBD sequences indicates that, in the University of Calgary.

addition to absolute conservation of the?Zrigands, the

ZBD motif of SecA also has a perfectly conserved serine REFERENCES
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