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nogamy (Fig. 2) and conventional or reversed SSD
(Fig. 5) must necessarily be made at bifurcating
nodes. Where multiple nodes (consisting of sister
taxa exhibiting, for example, all conventional SSD)
made up one side of the node, the mean value of
their individual SSD scores was used in the contrast
against the taxa exhibiting reversed SSD, at that
particular node.
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119 (1989).
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Nucleotide Control of Interdomain
Interactions in the Conformational
Reaction Cycle of SecA

John F. Hunt,2*t Sevil Weinkauf,23* Lisa Henry,? John ). Fak,'*
Paul McNicholas,** Donald B. Oliver,* Johann Deisenhofer?

The SecA adenosine triphosphatase (ATPase) mediates extrusion of the amino
termini of secreted proteins from the eubacterial cytosol based on cycles of
reversible binding to the SecYEG translocon. We have determined the crystal
structure of SecA with and without magnesium-adenosine diphosphate bound
to the high-affinity ATPase site at 3.0 and 2.7 angstrom resolution, respectively.
Candidate sites for preprotein binding are located on a surface containing the
SecA epitopes exposed to the periplasm upon binding to SecYEG and are thus
positioned to deliver preprotein to SecYEG. Comparisons with structurally
related ATPases, including superfamily | and Il ATP-dependent helicases, suggest
that the interaction geometry of the tandem motor domains in SecA is mod-
ulated by nucleotide binding, which is shown by fluorescence anisotropy ex-
periments to reverse an endothermic domain-dissociation reaction hypothe-

sized to gate binding to SecYEG.

SecA uses ATP-driven cycles of insertion
and retraction from the membrane-bound
SecYEG translocon to mediate processive
extrusion of preproteins through the cytoplas-
mic membrane of eubacteria (/—4). This cy-
clical interaction explains the presence of
SecA in vivo in both soluble and membrane-
bound forms (5). In vitro translocation assays
show that the ATPase activity of SecA (6, 7)
is required for the transmembrane transport
of the NH,-terminus of the preprotein, which
includes the signal sequence (8, 9) that targets
proteins for export through the translocon (3,
10). The ATPase activity of SecA is also
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required to drive the transport of downstream
COOH-terminal segments of the preprotein
in the absence of a transmembrane proton-
motive force (/0-12). Understanding the
structure of SecA and its ATP-driven confor-
mational reaction cycle is essential to under-
standing the mechanism by which the energy
of ATP binding and hydrolysis is exploited to
produce vectorial preprotein transport.
Crystal structure determinations and
refinements. The soluble form of SecA from
Bacillus subtilis was crystallized (/3) and
solved (/4) in space group P3,12. Multiple
isomorphous replacement phases were obtained
to 44 A by using heavy-atom derivatives of
wild-type protein and an N96C mutant. The
phases were extended to high resolution by
using density modification procedures (/5)
combined with partial-model building. Assign-
ment of the sequence was facilitated by the use
of an anomalous difference Fourier map from a
selenomethionine derivative that showed the
locations of 33 of the 36 methionines, and a
real-space cross-validation procedure was used
when adding the side chains to prevent phase
bias from impeding the procedure. Because the
refined phases are ultimately derived from the
coordinate model in all macromolecular crystal
structure determinations, the quality of the map
(fig. S1) (I4) and of the model (Table 1 and
Fig. 1) produced in this way is equivalent to that
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of a structure solved in a more traditional way
and refined to an equivalent R factor.

SecA crystallized isomorphously either in
the presence or absence of adenine nucleotides
or analogs, consistent with solution studies
showing that nucleotide binding does not pro-
duce large conformational changes in the free
enzyme (/6). Isomorphous difference Fourier
maps from all nucleotide-containing crystals
showed electron density for a single ligand
bound at the high-affinity ATPase site identi-
fied in mutagenesis studies (/7). Slightly weak-
er diffraction (by ~0.5 A) was obtained when
nucleotides were cocrystallized rather than
soaked in after growth, so that we chose to
refine a data set obtained from a native crystal
soaked in 5 mM Mg-ATP for 2.5 hours. How-
ever, there was no evidence of the y-phosphate
of ATP during the subsequent refinement, indi-
cating that Mg-ADP was bound. Additional
soaking experiments suggested that a kinetic
barrier prevents Mg-ATP binding in the crystal
lattice (/8). Given the high affinity of SecA for
Mg-ADP [dissociation constant (K;) ~ 100
nM] (/9), we assume that the protein selective-
ly bound the low concentration of Mg-ADP in
the stock.

There was no credible evidence for a sec-
ond bound nucleotide molecule in the refined
Mg-ADP-bound structure, indicating that the
low-affinity ATP-binding site (17, 20) was
not stably occupied by well-ordered nucleo-
tide in our crystals. Binding could have been
inhibited by the >2 M NH,(SO,), present in
the mother liquor or prevented by crystal
packing interactions, which could either ob-
struct the site or restrain the protein in an
incompatible conformation. (General consid-
erations concerning the potential location of
this site are presented in the SOM text.)

The apo structure was refined (2/) at 2.7 A
resolution to working and free R factors of 22.1
and 30.4%, respectively, whereas the Mg-ADP—
bound structure was refined at 3.0 A resolution
to working and free R factors of 21.8 and 29.4%,
respectively (Table 1 and Fig. 1; figs. S2 and
S3). The same set of free reflections was used
for both refinements. Only ~83% of the resi-
dues in the refined SecA structures have most-
favored Ramachandran angles. However, there
are very few Ramachandran outliers, and the
residues with noncore angles occur primarily in
weakly ordered regions with very high back-
bone B factors. The well-ordered regions have
good backbone geometry, and the low root-
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mean-square deviations (rmsd’s) of bond
lengths and angles (Table 1) indicate excellent
overall geometry.

The electron density in the weakly ordered
regions of SecA was difficult to interpret even
after convergence of the refinement. Based on
inspection of composite simulated-annealing
omit maps (27), 148 of the 802 residues in the
protein model have been designated “unreli-
able” and marked with a “U” in the final row of
the sequence alignment blocks in fig. S3. Rep-
resentative electron density from the best and
worst regions of these omit maps is shown in
fig. S1. The unreliable residues are all located in
regions with very high backbone B factors.
However, the high quality of the model else-
where and the correctness of the overall chain
trace in the weakly ordered regions is supported
by several factors: (i) the R factors of the re-
fined models; (i) analyses of the composite
omit maps (21); (iii) the identical topology of
the motor domains in SecA and those in super-
family-IT (SF-II) helicases even though they
were traced independently; and (iv) the abil-
ity to account for the 33 methionine sites in
an anomalous difference Fourier map from a
selenomethionine derivative (/4).

Structural similarity of the motor do-
mains to those in SF-1 and -ll helicases.
The crystal structure of soluble SecA shows
extensive packing interactions between the
five ordered domains in the protomer (Fig. 1).
A topology diagram of the molecule is pre-
sented in fig. S2. As predicted on the basis of
sequence analysis (22, 23), the core of SecA
comprises a pair of Fl-type nucleotide-bind-
ing folds (Fig. 2, A and B) resembling the
tandem motor domains in SF-I and -II ATP-
dependent helicases (24-26). A structure-se-
quence alignment that includes a set of heli-
cases is shown in fig. S3. These two domains,
designated NBF-I and NBF-II (nucleotide-
binding folds I and II), are shown in dark and
light blue, respectively. NBF-I is the most
well ordered domain in the structure, with a
mean backbone B factor of 50 A2, NBF-II is
more weakly ordered with a mean backbone
B factor of 86 A2, and the distribution of B
factors within NBF-II suggests that it pivots
about its point of attachment to NBF-I. As in
the related helicases, the high-affinity ATP-
binding site in SecA is located at this inter-
face between NBF-I and NBF-II (Fig. 1),
with most of the contacts to the nucleotide
coming from the “helicase motifs” (22, 24)
(Fig. 2C). The primary role of nucleotide
binding in homologous mechanoenzymes is
probably to control the packing angle be-
tween NBF-I and NBF-II (see below).

NBF-I and NBF-II in SecA have the same
protein fold (fig. S2 and Fig. 2B) except for the
substitution of a meander in NBF-II for the a
helix connecting B strands 4 and 5 and the
substitution of an antiparallel for a parallel 3
strand at position 7 in the B sheets (fig. S2). The
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. — Periplasmically-Exposed (PE) Sites o g
|
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First PPXD (C) Second a-Helical «-He Carboxy-
Nucleotide Nucleotide Scaffold Win Terminal
Binding Binding Domain Linker
Fold Fold

Fig. 1. The crystal structure of the SecA translocation ATPase from B. subtilis colored according to
domain organization. (A) Stereo ribbon diagram of the Mg-ADP-bound protomer. The bar at the
bottom of this panel shows the locations of the protein domains in the linear sequence of SecA and
defines the color coding. The black spheres represent positions that are exposed to the periplasm
in SecYEG-bound SecA. A space-filling representation of the bound Mg-ADP molecule is shown in
magenta. The first and second nucleotide-binding folds (NBF-I and NBF-II) are shown in dark and
light blue, respectively; the NH,- and COOH-terminal regions of the preprotein—cross-linking
domain [PPXD(N) and PPXD(C)] are shown in yellow and orange, respectively; the a-helical scaffold
domain {HSD) and a-helical wing domain (HWD) are shown in dark and light green, respectively;
and the COOH-terminal linker peptide (CTL) is shown in red. The final 39 residues are disordered
in the crystal. The pair of B strands leading into and out of the PPXD are shown in yellow and
orange in order to clarify the location of the PPXD; however, these 3 strands make extensive
packing interactions with NBF-I and therefore structurally constitute part of NBF-I. (B) The likely
physiologicat dimer of SecA formed by two subunits related by crystallographic symmetry.
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central B sheets have the characteristic pattern
of B-strand interdigitation (fig. S2 and Fig. 2A)
observed in F1 ATPase (27) and a diverse set
of related ATPases, including the RecA recom-
binase. While DALI (28) indicates highly sig-
nificant Z scores of ~6 for the alignment of
either NBF in SecA with F1, consistently stron-
ger structural similarity is observed to the tan-
dem F1-like domains in the SF-I and -II heli-
cases. Given the variability in the packing angle
between these motor domains (25, 26, 29), it is
difficult to simultaneously align both in com-
paring different structures. However, DALI
gives better Z scores, ranging from 9 to 16
when the NBFs in SecA are compared in-
dividually with the corresponding domains
in SF-I and -II helicases.

The strongest structural similarity is to the
SF-II DEAD-box helicases MJ0660 (30) and
eukaryotic initiation factor 4A (eIF4A) (31,
32). Least-squares superposition of NBF-I in
SecA with the corresponding domain in
eIF4A yields a 2.7 A rmsd for 177 out of 196
Ca atoms in the homologous region, whereas
superposition of NBF-II yields a 2.6 A rmsd
for 125 out of 145 Ca atoms. The NBFs of
SecA also show strong similarity to the motor
domains in the SF-II helicase UvrB [Protein
Data Bank (PDB) accession number 1D2M]
and only slightly weaker similarity to the
SF-II helicase NS3 from the hepatitis C virus
(PDB 1HE]I) and the SF-I helicases PcrA and
Rep (figs. S3 and S5).

Domain organization of the remainder
of the protomer. The region identified as
being required for cross-linking overlapping
fragments of SecA to a model preprotein (/1)
forms a pair of closely associated subdomains,
designated PPXD(N) and PPXD(C) [NH,- and
COOH-termini of the preprotein cross-linking
(x-linking) domain] that are shown in yellow
and orange, respectively (Fig. 1 and elsewhere).
Contrary to the assumption that this structure
would be located after the end of NBF-I (17),
the PPXD is inserted between B strands 5 and
6 in NBF-I. Both of its subdomains are weak-
ly ordered but are distinguished by different
mean backbone B factors: 129 A2 for
PPXD(N) versus 87 A2? for PPXD(C). The
PPXD shows at most weak structural similar-
ity (28) to other proteins of known structure.
Although the cross-linking studies establish
the PPXD as a candidate site for preprotein
binding, additional data supporting a direct
interaction in this region are lacking. Nucleic
acid-binding domains are inserted at an ad-
jacent topological position in NBF-I of many
SF-I and -II helicases (26).

The COOH-terminal ~30 kD of SecA
forms two a-helical domains. One of these
(shown in dark green) comprises a bundle of
three antiparallel « helices, with some structural
similarity to o-helical coiled-coils, that is al-
most as well ordered as NBF-I based on its
mean backbone B factor (66 A2). This domain,
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designated the HSD (o-helical scaffold do-
main), functions as a global conformational
template. The NH,-terminal o helix in the HSD
stretches throughout most of the length of
SecA, with one face making packing interac-
tions with NBF-I and NBF-II (Fig. 1A) and the
opposite face making packing interactions in
the intersubunit interface of the physiological
dimer (Fig. 1B). The COOH-terminal o helices
in the HSD bind the PPXD and thereby main-
tain its position relative to NBF-I and NBF-II.
The second a-helical domain (shown in light
green) is inserted between o helices 1 and 2 in
the HSD (Fig. 1A and fig. S2) and is weakly
attached to the core of SecA based on its high
mean backbone B factor (99 A?). This domain
is designated the HWD (a-helical wing do-
main). DALI (28) indicates that the HWD
shows weak but significant structural similar-
ity to an acyl carrier protein involved in
polyketide synthesis (PDB accession number
2AF8; Z = 3.9 with 2.4 A rmsd for 59 of the
84 Cas in the HWD). The HWD combined

A Topological Walker B's: FAVIDEVD

Topological
Walker A's:
MKTGEGKT
GGAGVGKT

SecA NBFI, FIp

with regions of the HSD forms a 30-kD
protease-resistant fragment when complexed
with SecYEG (I, 33, 34).

The cysteine-rich COOH-terminal 22 res-
idues of SecA form a Zn-binding domain that
interacts with SecB and phospholipids (35—
37). Although this domain is not observed in
the crystal structure and is therefore disor-
dered, 25 residues connecting it to the HSD
(shown in red) are observed and have been
designated the CTL (COOH-terminal linker).
Part of the CTL forms a (3 strand bound to
one edge of a small antiparallel  sheet com-
prising the (3 strands connecting NBF-I to the
PPXD (Figs. 1A and 3C; fig. S2)

The high-affinity ATPase site is formed
by the helicase motifs. NBF-I of SecA
binds adenine nucleotides with a very similar
geometry to F1 ATPase (27) (Fig. 2A). The
Walker A consensus sequence (helicase motif
I) forms the “P-loop” helix-capping structure
that binds the a- and B-phosphates of the
nucleotide, and the Walker B consensus (he-

B Topological Walker B's: FAVIDEVD

/
Topological
Walker A's:
MKTGEGKT

SecA NBFI,

Fig. 2. The high-affinity ATP-binding site of SecA. (A) NBF-I of SecA (dark blue) is compared with the
B subunit of bovine mitochondrial F1 ATPase (translucent green) (27) based on least-squares alignment
of their central B sheets. The protein segments connecting NBF-| of SecA to the PPXD are shown in
yellow and orange. The Mg-ADP ligands bound to NBF-! of SecA and F18 are shown in magenta and
translucent red ball-and-stick representations, respectively. (B) NBF-I (dark blue) and NBF-Ii of SecA
(translucent cyan) are compared in the same manner. The large sphere represents the location of the
high-affinity nucleotide-binding site relative to NBF-I of SecA (i.e., adjacent to helicase motifs V and VI
in NBF-I1). (C) Stereo ribbon diagram of the active site in the Mg-ADP—bound structure. The locations
of the helicase motifs (24, 26) are indicated (Walker A/H-I, H-la, Walker B/DEVD/H-II, H-lll, H-V, H-VI).
The backbone worm and most of the atoms in the side chains and ligand are colored according to the
domain of origin, but oxygen atoms are shown in red, nitrogen atoms in light green, and the Mg?* ion
in yellow. H-bonds are indicated by dashed gray lines.
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licase motif IT) forms a hydrophobic B strand
that terminates in residue Asp-207, which
contacts the Mg2™* cofactor (Fig. 2C and fig.
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S4). This Asp is the first residue in the
DEAD-box sequence (DEVD in SecA) that is
found in a subclass of SF-II helicases but not

N
CTL Groove |

SS-NA
Groove

F1 (fig. S3). Glu-208 in the DEAD-box is the
leading candidate to be the catalytic base in
the ATP hydrolysis reaction because it makes
a hydrogen bond (H-bond) to water 1148,
which is positioned to make a hydrolytic
attack on the y-phosphate of ATP (Fig. 2C).
The residues contacting the base of the nu-
cleotide come primarily from the NH,-termi-
nus of « helix 4 in NBF-I in a region that is
not a helicase motif but is conserved in
DEAD-box helicases (fig. S3).

The other direct contacts to the nucleotide
are made by helicase motifs V and VI, which are
located in a different region of NBF-II than the
topological equivalents of the Walker A and B
sequences (Fig. 2B and SOM text). Residues
Gly-490, Asp-492, and Lys-494 in motif V con-
tact the a-phosphate and the ribose, while resi-
due Arg-528 at the COOH-terminus of motif VI
contacts the ribose and residue Asp-492
(Fig. 2C and fig. S4). Residue GIn-521 in motif
VI forms a cooperative H-bonding network
with three residues in NBF-I: Asp-210, at the
COOH-terminus of the DEAD box in motif II;
and Thr-371 and Thr-373 in motif III. The “ar-
ginine finger,” residue 525 in motif VI, is posi-
tioned to contact the y-phosphate of the nucle-
otide when ATP is bound (Fig. 2C); such an
interaction was observed in PcrA (29) but would
not be possible in the nucleotide-free structure
of MJ0669 (30) where a rigid-body rotation of
NBF-I relative to NBF-II creates a major open-
ing of the nucleotide-binding cleft (Fig. 4A).

Locations of established periplasmically
exposed sites. The black spheres in Fig. 1
indicate the sites in B. subtilis SecA equiva-
lent to those that are periplasmically exposed
(PE) in membrane-bound Escherichia coli
SecA based on topological mapping experi-
ments conducted with chemical labeling in
conjunction with cysteine-scanning mutagen-
esis (33, 38). The most strongly labeled PE
site in E. coli SecA occurs in the Gram-
negative—specific insertion in NBF-II, which
is missing in B. subtilis SecA (fig. S3). This
site is located on the surface near the high-

Fig. 3. Stereo ribbon diagrams showing loca-
tions of possible ligand-interaction sites in the
SecA monomer. The backbone worms are col-
ored according to domain organization. The
bound Mg-ADP ligand is shown in space-filling
representation in gray in (A) but in magenta in
the other panels. Protein side-chain atoms are
colored according to chemical identity, with
light green used for carbon, dark blue for nitro-
gen, red for oxygen, and yellow for sulfur. La-
bels are in light green for hydrophobic residues,
dark blue for basic residues, and red for acidic
residues. (A) Cavity map (27) of the nucleotide-
free protomer. The cavities are shown by the
magenta contours. The translucent gray boxes
indicate the locations of the possible ligand-
binding sites shown in (B), (C), and fig. S5. (B)
The methionine canyon. (C) The COOH-termi-
nal linker (CTL) binding groove. The CTL is
shown in translucent red.
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affinity ATPase site. The other PE sites are
located in the PPXD or close to the COOH-
terminus of SecA (figs. S2 and S3). One of
the COOH-terminal sites is located in the
Zn-binding domain that is disordered in the
structure, but the other is located at the end of
the CTL near the center of the SecA molecule
(as shown in Fig. 1).

Although the PE sites are separated by as
much as 80 A in the protomer, they do cluster
on one surface of SecA (Fig. 1), which is
therefore likely to face SecYEG. Consistent
with this conclusion, the most strongly con-
served surfaces in the protomer are located in
the vicinity of the PE sites on NBF-I, NBF-II,
and the HSD. Furthermore, in vitro binding
experiments show that epitopes in NBF-I
and/or the PPXD make specific interactions

Fig. 4. Proposed mech-
anism for the confor-
mational reaction cycle
of SecA. (A) and (B)
compare the tandem
motor domains in SecA
to those in two struc-
turally related ATP-
dependent  helicases
based on least-squares
alignment of NBF-I
with the equivalent he-
licase domain. The nu-
cleotide-binding  core
of SecA is shown in
dark blue, with the B
strands leading into
and out of the prepro-
tein—cross-linking  do-
main shown in yellow

SecA-MgADP, MJ-DEAD (Empty)
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with SecYEG (39). However, segments of the
HWD and HSD are also likely to interact
with SecYEG, given the results of ligand-
blotting experiments (40) combined with the
fact that they form a 30-kD COOH-terminal
protease-resistant fragment when SecA binds
to SecYEG (I, 34, 41).

Neither of the PE sites in the PPXD is
solvent-exposed in the crystal structure of B.
subtilis SecA, consistent with the failure of
Cys residues at these sites to react with thiol-
reactive reagents in soluble E. coli SecA (38).
One of these sites (Ser-330 in B. subtilis) is
located in a rigorously conserved sequence
that packs onto the surface of the HSD in a
region of reliable electron density; expo-
sure of this site to the periplasm requires an
opening of the interface between the PPXD

SecA-MgADP, PcrA-ATP

and the HSD when SecA binds to SecYEG.

Locations of potential ligand-binding
sites. SecA interacts with a variety of “trans-
location ligands,” including the preprotein trans-
location substrate (8, 9, /1, 12) and acidic phos-
pholipids (37). A cavity map was calculated
(21) to guide the search for potential ligand-
binding sites in SecA, revealing one network of
cavities at the interface between the PPXD and
the HSD/HWD and a second network of cavi-
ties in the vicinity of the high-affinity ATPase
site at the interface between NBF-I, NBF-II, and
the HSD (Fig. 3A). The porous nature of the
interface of the PPXD could contribute to its
weak attachment to the core of SecA as evi-
denced by its high backbone B factors. Based on
the results of the preprotein cross-linking exper-
iments with overlapping fragments of SecA

PerA-ATP, PerA (Empty)

and a space-filling
model of the bound
Mg-ADP shown in ma-
genta. The motor do-
mains from the related
mechanoenzymes are
shown in green or red,
with their bound nucle-
otides shown as a yel-
low space-filling model
when present. (Supple-
mentary fig. S6 pre-
sents an equivalent
comparison of the tan-
dem motor domains in
SecA with those in the
o/ heterodimer of the
F1 ATPase and also of
the  nucleotide-free,
Mg-ADP-bound, and
Mg-AMPPNP-bound
conformations of the
af/fB heterodimer of
F1.) (A) Comparison of
SecA to the nucleotide-
free structure of the
SF-1l DEAD-box heli-
case MJ0669 (30). (B)

t

Ner u NBF
AT

Bound
Effector

or
Mg** Depletion

+ Mg-ADP (1)
+ Signal Peptide
+ Free Mg**

HWD Aggregation

(Left) Comparison of

SecA with the SF-1 | PcrA DNA helicase {29). (Right) Comparison of two
conformations of PcrA (based on least-squares alignment of NBF-1), showing
a significant opening of the ATPase active site at the interface between NBF-I
and NBF-Il in PcrA in the nucleotide-free conformation (red) compared with

low-affinity site.

the ATP-bound conformation (green). (C} The mechanistic schematic is
colored according to domain organization as in Fig. 1. “+Mg-ADP(l)” indicates
binding to the high-affinity ATPase; “+Mg-ADP(Il)" indicates binding to the
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(11), this porous interface of the PPXD repre-
sents a potential preprotein binding site. A sec-
ond potential binding site is located in the net-
work of cavities at the interface of NBF-I, NBF-
II, and the HSD in a region designated the
“methionine canyon” (Fig. 3, A and B). This
weakly packed, methionine-rich, conserved hy-
drophobic interface between NBF-II and the
NH,-terminus of a-helix 1 in the HSD repre-
sents a potential binding site for either a phos-
pholipid ligand or perhaps a preprotein. In the
crystal, this cavity is only wide enough to ac-
commodate a hydrocarbon moiety, but the high
backbone B factors in this region raise the pos-
sibility that it could expand upon ligand binding.
Another candidate preprotein binding site is the
groove occupied by the CTL on the surface of
NBF-I. SecA still functions when the CTL is
genetically excised from this site in COOH-
terminal deletion constructs (42). The CTL-
binding groove is a highly conserved and
largely hydrophobic surface at the interface
between NBF-I and the B strand connecting it
to the PPXD(N) (Fig. 3C). The phylogeneti-
cally conserved acidic environment surround-
ing this hydrophobic site is electrostatically
complementary to the basic charge at the
NH,-terminus of the signal sequence, making
it an attractive binding site for this proto-
typical preprotein transport substrate. All
three of these potential binding sites are
located close to one or more PE epitopes
(Fig. 1), so that a preprotein bound at any of
them could be delivered to the pore of the
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translocon when SecA binds to SecYEG (2, 3).
Overlapping binding sites for the CTL
and single-stranded nucleic acids. Free
cytoplasmic SecA attenuates the translation
of its own mRNA based in part on sequence-
specific RNA binding (43, 44). This autoreg-
ulatory activity mediates a reduction in SecA
expression when there is an excess supply of
the protein not actively engaged in protein
translocation. DNA-bound structures of the
SF-I helicases PcrA (29) and Rep (45) and
the SF-II helicase NS3 (46) show a con-
served single-stranded DNA (ssDNA)-bind-
ing groove at the interface between NBF-I
and NBF-II. A groove of comparable geom-
etry is preserved at the equivalent site in
SecA (fig. S5), which could therefore interact
with the adenine-rich ssRNA loop that is a
putative regulatory target in SecA’s mRNA
(43). However, if preproteins were to occupy
the CTL binding site (Fig. 3, A and C), they
would probably prevent the binding of ss-
RNA to the adjacent groove and thereby in-
hibit any autogenous translational attenuation
dependent on such an interaction (43).

The physiological dimer. The SecA
crystals contain one protomer in the asym-
metric unit, but one of the crystallographic
dimers (Fig. 1B) is a strong candidate to be
the physiological dimer (16, 47) based on the
large magnitude of buried solvent-accessible
surface area and the extensive number of
intermolecular contacts. The PE sites and the
potential preprotein binding sites are all lo-

Table 1. B. subtilis SecA refinement statistics. Standard definitions were used for all parameters (21, 60). For
the nucleotide-free (i.e., sulfate-bound) structure, the value of (/)/(o) was 2.1 in the limiting-resolution shell,
which was 100% complete for all measured reflections and 40% complete for reflections with / = 2a,.
For the Mg-ADP-bound structure, the value of (/)/(c,) was 1.4 in the limiting-resolution shell, which was
100% complete for all measured reflections and 34.0% complete for reflections with / = 20,

Space group P3,12

Sulfate
Crystal parameters:
Cell constants at 100K a =b = 1308 A
¢ = 1504 A
Data quality:
Resolution 50.0-2.7 A
sym 7.8%
Mean redundancy 6.9
Completeness 99.6%
Mean //a, 18.9
Residuals (F = 2a,):
Reree 30.4%
ork 22.1%
Model quality:
rms bond lengths 0013 A
rms bond angles 1.74°
Ramachandran plot 83.3%
14.4%
2.1%
0.3%
Model contents:
Protein residues 1-802
Ligands 7 sulfates
Water molecules 45

Mg-ADP

(90°, 90, 120°)

(]|

a=b=1312A
c=1505A
50.0-3.0 A
7.4%

7.2

99.8%

206

(I = —30, for observations)

(! = o, after merging)

29.4%
21.8%

0.013 A
1.84°
82.1%
15.2%
23%
0.4%

Core

Allowed

Generously allowed
Disallowed

1-802

1 Mg-ADP
S sulfates
46

www.sciencemag.org SCIENCE VOL 297 20 SEPTEMBER 2002

cated on or near the front surface of this
dimer (Fig. 1B). Although the COOH-termi-
nal Zn-binding domains are disordered, their
approximate positions can be inferred from
the locations of the proximal protein seg-
ments (i.e., the COOH-termini of the CTL),
which are located near the center of the dimer
on this same surface. Therefore, both COOH-
terminal Zn-binding domains probably
project forward from this surface, where they
could simultaneously interact with a single
SecB tetramer (4, 36).

Likely role of nucleotide binding to the
high-affinity ATPase site. Comparison of
the conformation of the tandem motor do-
mains in SecA to those in the crystal structure
of its close structural homolog, the MJ0669
DEAD-box helicase (30), gives insight into
the likely structural consequences of ATP
binding to the high-affinity ATPase site. This
site is markedly open in MJ0669 compared
with SecA because of a 50° downward rota-
tion of NBF-II relative to NBF-I (Fig. 4A).
Although the structural consequences of nu-
cleotide binding to MJ0669 have not been
characterized experimentally, bringing the
helicase motifs from NBF-II (including the
Arg-finger) into position to encapsulate the
nucleotide as they do in other helicase struc-
tures (e.g., as in Fig. 2C) would require a
large relative rotation of the NBFs. A similar
kind of nucleotide-dependent rotation of the
NBFs, although of smaller magnitude, is ob-
served when comparing the nucleotide-free
and ATP-bound conformations of the SF-I
PcrA helicase (29) (Fig. 4B). Very similar
nucleotide-dependent mechanical changes
are also observed in two other evolutionarily
related mechanoenzymes, the gene 4 hexam-
eric ring helicase (PDB accession number
1CR1) (/8) and the a/f heterodimer of F1
ATPase (27, 48) (fig. S6), both of which bind
ATP at the interface between two nonidenti-
cal but homologous protein domains whose
topology is the same as that of the NBFs in
SecA. These observations show that the tan-
dem NBFs in SF-I -II helicases and related
mechanoenzymes function as an ATP-depen-
dent mechanical clamp (25, 26).

The submicromolar affinity of soluble
SecA for ADP and ATP-y-S (/9), combined
with the failure of nucleotide binding to cause
a large conformational change (/6), suggests
that the ground-state conformation of apo
SecA is very similar to that of the nucleotide-
bound enzyme. This conclusion is consistent
with the closed conformation of the high-
affinity ATPase site observed in the crystal
structure of SecA and its isomorphous crys-
tallization either in the presence or absence of
nucleotides. However, in one of the other
conformational states in the mechanochemi-
cal reaction cycle of SecA (Fig. 4C), its
high-affinity ATPase site may exist in an
open configuration more like that observed
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in nucleotide-free MJ0669 (30) (Fig. 4A),
and this state would be expected to have
significantly reduced nucleotide affinity
owing to the inability of the helicase motifs
in both NBFs to simultaneously interact
with the nucleotide. The relative rotation of
NBF-I and NBF-II that would produce such

RESEARCH ARTICLES

an opening is likely to produce global chang-
es in the domain-domain interactions in SecA
given the network of cooperative inter-
domain packing interactions in the protomer.
Such a global conformational change could in
turn gate interaction with translocation li-
gands owing to the exposure of new protein-

and ligand-binding sites on SecA (Fig. 4C).

There is in fact a well-characterized endo-
thermic conformational transition in soluble
SecA that has been hypothesized to gate
membrane binding (20, 49-51). This transi-
tion is facilitated by SecA mutations that
suppress secretion defects caused by muta-
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Fig. 5. Fluorescence anisotropy titrations of suppressor mutations in E.
coli SecA. With the exception of A630V, all the mutations characterized
here exhibit the priD phenotype (58, 59), defined by suppression of
secretion defects caused by mutations in the signal sequence of the
preprotein. The mutations also yield enhanced resistance to azide, except
the A507V mutation, which yields hypersensitivity. The A373V and
A507V mutations confer the “superactive” SecA phenotype (54). (A)
Tryptophan fluorescence spectra (27) of the wild-type and two mutant
proteins were acquired as a function of temperature in the presence and
absence of 1.0 mM Mg-ADP. The bottom graphs show the relative
total fluorescence (|| + 2.L), while the top graphs show Perin plots of

reciprocal steady-state anisotropy [(|| + 2.L)/(| — L)]. Note that an
increase in the Perin plot represents a decrease in anisotropy. (B)
Tryptophan fluorescence spectra (27) of three additional suppressor
mutations were acquired as a function of temperature in the absence
of Mg-ADP. (C) Stereo pair showing the sites of the suppressor
mutations in E. coli SecA. The side chains of the equivalent residues
in B. subtilis SecA are shown in space-filling representations colored
according to the domain of origin. The 54% sequence identity be-
tween the two proteins allows unambiguous identification of the
corresponding residues. The residue numbers from the E. coli enzyme
are given in parentheses.
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tions in either the signal sequence of the
preprotein or SecYEG (52). The temperature
dependence of many mutant and suppressor
phenotypes indicates a central role for an
endothermic reaction in the transport process
(50, 53, 54), which is likely to be the endo-
thermic conformational transition of SecA
given that ATP hydrolysis is exothermic.

Because nucleotide binding increases the
enthalpy and T, (midpoint temperature) of
the endothermic transition (20, 49) (Fig. 5A),
the high-temperature conformation must have
reduced nucleotide affinity, suggesting that
the transition produces a relative rotation of
the NBFs leading to an opening of the active-
site cleft (Fig. 4C) as observed in the nucle-
otide-free conformations of the structurally
related mechanoenzymes (Fig. 4, A and B;
fig. S6). The suppressor mutations that facil-
itate this endothermic transition in E. coli
SecA map broadly over the interdomain in-
terfaces in B. subtilis SecA (Fig. 5C), show-
ing that local conformational changes take
place simultaneously at these widely distrib-
uted sites coupled to the reduction in nucle-
otide affinity (as proposed in Fig. 4C).

An increase in protein mobility during
the endothermic transition. Thermal titra-
tions of several variants of E. coli SecA moni-
tored by steady-state tryptophan (Trp) fluores-
cence anisotropy spectroscopy (Fig. 5, A and
B) (21) indicate that an increase in protein
mobility accompanies the endothermic transi-
tion, which was previously shown to produce a
quenching in total fluorescence based primarily
on increased solvent-exposure of Trp-775 (51).
Quenching produces a reduction in fluores-
cence lifetime that, in the absence of other
effects, tends to produce an increase in anisot-
ropy owing to shortening of the time for rota-
tional reorientation before photon emission. In
contrast, the Perin plots (55) of reciprocal an-
isotropy versus temperature (Fig. 5, A and B)
show a decrease in anisotropy coincident with
the fluorescence quenching that can only be
explained by an increase in the mobility (i.e.,
rotational diffusion coefficient) of the Trp en-
semble in E. coli SecA during the endother-
mic transition. Many suppressor mutations
that facilitate the endothermic transition split
the single conformational transition in wild-
type E. coli SecA into two different subtran-
sitions (52), as observed in wild-type B. sub-
tilis SecA (20). The anisotropy transition al-
ways coincides with the first endothermic
subtransition in these E. coli SecA variants
(Fig. 5, A and B). This first subtransition (but
not the second) is fully reversible (56 ), show-
ing that the associated increase in the mobil-
ity of the Trp ensemble occurs as part of a
well-behaved conformational reaction.

This increase in mobility could result ei-~
ther from monomerization of the physiologi-
cal dimer of SecA or from a domain-dissoci-
ation reaction in the protomer that would
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allow a portion of the molecule to reorient
itself more rapidly than the dimer. In either
case, the first endothermic subtransition must
involve disruption of domain-domain interac-
tions observed in the native SecA dimer. If
the increase in mobility is derived from mo-
nomerization, it would be expected to occur
cooperatively in the two protomers. Howev-
er, the reverse conformational reaction occurs
independently in each protomer when driven
by Mg-ADP titration (fig. S7), indicating that
the increase in mobility during the forward
reaction must also occur independently and
therefore must be attributable to domain-dis-
sociation within each individual protomer
rather than monomerization. Using a com-
plete set of single Trp-to-Phe mutations to
dissect the anisotropy transition (fig. S8 and
SOM text) suggests that the two Trp residues
in the HWD are responsible for the increase
in the mobility of the Trp ensemble. There-
fore, the HWD must dissociate from the core
of SecA during the first endothermic subtran-
sition, coupled to a reduction in nucleotide-
binding affinity of the ATPase site at the
interface of the tandem NBFs near the distal
end of the protomer (top of Fig. 4C).

Hypothesis for the mechanism of
binding and release of SecA from SecYEG.
The occurrence of domain dissociation explains
how the endothermic transition could gate the
interaction of SecA with SecYEG (Fig. 4C).
The HSD and HWD constitute the most pro-
tease-sensitive region of SecA at elevated tem-
peratures (57) but form a highly protease-resis-
tant structure when SecA binds to SecYEG (/,
34, 41), indicating that they make new structur-
al interactions in the complex. The dissociation
of the HWD, coupled to increased solvent ex-
posure of the HSD [e.g., Trp-775 in E. coli
SecA (51)], indicates that buried epitopes
throughout these regions become exposed dur-
ing the endothermic transition, which could
thereby gate the binding of SecA to SecYEG if
these newly exposed epitopes make contacts in
the resulting complex.

Starting from the nucleotide-free domain-
dissociated conformation, ADP binding to
the high-affinity ATPase site in SecA revers-
es the domain-dissociation reaction and re-
stores the compact conformational ground
state with lower affinity for SecYEG (shown
experimentally in fig. S7 and schematically at
the top of Fig. 4C). The nucleotide probably
acts by changing the packing angle between
NBF-I and NBF-II so as to stabilize the net-
work of cooperative interdomain packing in-
teractions favoring this conformation.

The effects of ATP binding to the high-
affinity ATPase site in SecA could be funda-
mentally similar to those of ADP binding to
this site. In F1 ATPase, o/ heterodimers
with either ATP or ADP bound have a very
similar conformation (fig. S6, right), but the
thermodynamic stability of the ATP-bound

structure must be higher given the ability of
F1 to drive the synthesis of ATP (27, 48). A
similar mechanism could be used by SecA,
with ATP and ADP binding to fundamentally
similar conformations of the enzyme that dif-
fer primarily in their thermodynamic stabili-
ty. In this case, ATP hydrolysis would serve
to weaken the complex in order to facilitate
nucleotide release (perhaps with the assist-
ance of a membrane-bound nucleotide-re-
lease factor) and thereby shift the equilibrium
to the domain-dissociated conformation with
higher affinity for SecYEG (Fig. 4C, right
side). If this hypothesis is correct, ATP bind-
ing to the high-affinity ATPase site could
potentially drive the withdrawal of SecA
from SecYEG when polypeptide transport is
complete by stabilizing the compact confor-
mation of SecA observed in the crystal struc-
ture (Fig. 4C, left side). Consistent with this
possibility, mutations that impair the high-
affinity ATP-binding site cause SecA to frac-
tionate almost exclusively in the membrane-
bound form (5). Although the ATP analog
AMPPNP stabilizes the SecA complex with
SecYEG (2, 10), it binds with three orders
of magnitude lower affinity than ADP or
ATP-vy-S and therefore may act as an an-
tagonist of ATP binding rather than as a
mimic of the genuine ATP-bound state (20,
56). However, the structural mechanics of
the processive polypeptide transport reac-
tion are likely to be complex so that ATP
binding and hydrolysis at this site could
have more complicated effects when SecA
is engaged with SecYEG (4, 3).
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Physical One-Way Functions

Ravikanth Pappu,*f Ben Recht, Jason Taylor, Neil Gershenfeld

Modern cryptographic practice rests on the use of one-way functions, which are
easy to evaluate but difficult to invert. Unfortunately, commonly used one-way
functions are either based on unproven conjectures or have known vulnerabilities.
We show that instead of relying on number theory, the mesoscopic physics of
coherent transport through a disordered medium can be used to allocate and
authenticate unique identifiers by physically reducing the medium’s micro-
structure to a fixed-length string of binary digits. These physical one-way
functions are inexpensive to fabricate, prohibitively difficult to duplicate, admit
no compact mathematical representation, and are intrinsically tamper-resis-
tant. We provide an authentication protocol based on the enormous address
space that is a principal characteristic of physical one-way functions.

Information security requires a mechanism
that provides significant asymmetry in the
effort required to make intended and unin-
tended uses of encoded information. Such
protection is growing in importance as an in-
creasing fraction of economic activity is com-
municated electronically; sending credit card
numbers over the Internet or spending money
stored in a smart card’s memory assumes
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that these data cannot easily be duplicated.
Modern cryptographic practice rests on
the use of one-way functions. These are
functions that are easy to evaluate in the
forward direction but infeasible to compute
in the reverse direction without additional
information. For example, multiplying
large prime numbers can be done in a time
that is a polynomial function of their size,
but finding the prime factors of the product
is believed to require exponential time (7).
Another important example is the ease of
modular exponentiation (evaluating a = b°
mod d for integers b, ¢, and d = 2p + 1,
where d and p are large primes) versus the
difficulty of taking discrete logarithms (find-

ing the integer ¢, given a, b, and a prime d)
2).

Cryptographic applications that have vari-
able-length inputs, such as storing computer
passwords (3) or digitally signing secure
electronic documents (4), use one-way hash
functions as a cryptographic primitive. A
hash function compresses an arbitrary-length
input to a fixed-length output and has the
avalanche property that changing one bit in
the input flips roughly half the bits in the
output. A one-way hash function has preim-
age resistance (it is infeasible to find an input
that produces a given output), and it can also
have collision resistance (it is difficult to find
two inputs that produce the same output).

Although algorithmic one-way functions
are widely used, they are facing a number of
challenges. The first is technological, as mas-
sively parallel networks of computers break
codes that had been considered safe (5) and
secure processors containing keys are re-
verse-engineered (6). The second is funda-
mental, because the cryptographic primitives
used are believed to be secure, but there is no
proof that efficient attacks don’t exist. Such
attacks are in fact known using quantum
computers; it is shown in (7) that factoring
the product of two large prime numbers can
be accomplished in polynomial time on a
quantum computer. The third and perhaps
most serious challenge is practical: The de-
mands placed on the physical embodiments
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