© 2006 Nature Publishing Group http://www.nature.com/nsmb

ARTICLES

Disorder-order folding transitions underlie catalysis
in the helicase motor of SecA
Dimitra Keramisanou1,4, Nikolaos Biris1,4, Ioannis Gelis1, Georgios Sianidis2, Spyridoula Karamanou2,
Anastassios Economou2,3 & Charalampos G Kalodimos1
SecA is a helicase-like motor that couples ATP hydrolysis with the translocation of extracytoplasmic protein substrates. As in
most helicases, this process is thought to occur through nucleotide-regulated rigid-body movement of the motor domains. NMR,
thermodynamic and biochemical data show that SecA uses a novel mechanism wherein conserved regions lining the nucleotide
cleft undergo cycles of disorder-order transitions while switching among functional catalytic states. The transitions are regulated
by interdomain interactions mediated by crucial ‘arginine finger’ residues located on helicase motifs. Furthermore, we show that
the nucleotide cleft allosterically communicates with the preprotein substrate–binding domain and the regulatory, membraneinserting C domain, thereby allowing for the coupling of the ATPase cycle to the translocation activity. The intrinsic plasticity and
functional disorder-order folding transitions coupled to ligand binding seem to provide a precise control of the catalytic activation
process and simple regulation of allosteric mechanisms.

SecA is a highly conserved and essential motor protein of the bacterial
Sec translocase machinery1. SecA recognizes secretory proteins and
couples their transport through the transmembrane SecYEG channel
with the expenditure of metabolic energy provided by ATP binding
and hydrolysis2–4. The structural relation of SecA5–7 to superfamily-2
(SF2) DExH/D nucleic acid helicases8,9 has raised the intriguing
possibility that these proteins might use similar mechanisms to
achieve translocation7. The helicase motor in SecA is assembled by
two structurally homologous RecA-like10 domains: the discontinuous
nucleotide-binding domain (NBD; Fig. 1a) and the intramolecular
regulator of ATP hydrolysis-2 domain (IRA2; Fig. 1a). The nucleotide
cleft forms at the interface of NBD and IRA2 and is lined by conserved
helicase motifs1,8 (motifs I–III in NBD and motifs V and VI in IRA2),
which have been suggested to link ATP binding and hydrolysis to the
translocation process11–13.
The specificity of SecA for preproteins is conferred by an attached
auxiliary domain, the preprotein-binding domain14,15 (PBD; Fig. 1a),
which ‘sprouts’ out of the body of NBD through an antiparallel
b-sheet. During protein translocation, a second ‘specialization
domain,’ termed the C domain (residues 611–901 in Escherichia coli
SecA) inserts into the membrane16 and regulates the ATPase activity of
SecA through the coordinated interaction of a 48-residue-long a-helix
(scaffold domain, SD; Fig. 1a) with the helicase motor17,18. The
ATPase activity of SecA is strikingly stimulated upon binding to the
membrane-embedded SecYEG channel and preprotein substrates19.
C domain–truncated SecA (residues 1–610 in E. coli SecA; hereafter
SecADC) is a faithful mimic of the activated state of SecA engaged in

translocation and displays similarly high stimulated enzymatic activities17,20 and strong preprotein binding15.
A major unresolved question regarding SecA and helicase proteins
is how they convert the energy extracted from ATP binding and
hydrolysis to the locomotion required for protein secretion and RNA/
DNA unwinding, respectively. All NTPase motor proteins (including
G proteins) sense the presence of a g-phosphate. NTP hydrolysis and
the subsequent loss of the g-phosphate is thought to cause rearrangement of conserved structural elements flanking the NTP-binding
site21. This rearrangement has mainly been considered to consist of
a purely rigid-body movement of the two motor domains22. However,
with the exception of very few studies23,24, the vast majority of
available crystal structures have shown rotations of the helicase
motor domains that take place upon binding and release of the
nucleotide25–29, but not between the ATP- and ADP-bound states.
This is somewhat surprising, because for many of these enzymes it is
known that ATP hydrolysis rather than ATP binding regulates substrate affinity. For some mechanoenzymes30–32, including SecA5,6,33,
crystal structures have suggested that no tertiary conformational
changes are elicited by nucleotide binding at all.
Here, we have combined NMR, thermodynamic and biochemical
approaches to characterize the E. coli SecA and functional derivatives
at key conformational states along the catalytic pathway (apo, ATPbound and ADP-bound). The results show that the nucleotide
cleft exists in an equilibrium of well-folded and partially unfolded
conformational states. Catalytic activation requires that these
regions undergo disorder-order transitions, which are allosterically
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Figure 1 The helicase motor of E. coli SecA is intrinsically dynamic.
(a) Crystal structure of Bacillus subtilis SecA bound to ADP (yellow sticks),
colored according to domain organization (PDB entry 1M74)5. SecADC
contains the helicase motor NBD and IRA2 domains (corresponding to
domains 1a and 1b in helicases, also called nucleotide-binding folds I and
II) and PBD. The C domain encompasses four substructures: SD, IRA1, WD
and a C-terminal region (crystallographically unresolved)5–7. Regions of IRA2
identified herein to undergo disorder-order transitions are colored red. Dotted
line denotes boundary of the SecADC fragment. (b) 1H-15N TROSY-HSQC
spectrum of 15N-SecADC (monomeric, 68 kDa) recorded at 22 1C on an
800-MHz NMR instrument. (c) 1H-15N HSQC spectrum of 15N wild-type
SecA (dimeric, 202 kDa) recorded at 22 1C on a 600-MHz NMR
instrument. Flexibility of the helicase motor is greatly suppressed by
C domain binding to SecADC. Only a few resonances are visible in c,
which correspond to residues located primarily at the very flexible,
crystallographically unresolved C terminus of SecA. See ref. 34 for a more
detailed NMR study of the flexible regions in full-length SecA.
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transmitted to PBD and are controlled by interdomain interactions
among helicase motifs, by the nucleotide identity and by the action
of ‘arginine finger’ residues. The folding transitions seem to make a
particularly effective functional switch because they are reversible
and inherently cooperative. The present data, combined with
previous observations, suggest that this novel mechanism may be
common in helicases.
RESULTS
The helicase motor of SecA is highly dynamic
To characterize the intrinsic structural and dynamic properties of the
helicase motor of SecA in the ATPase-stimulated state, we characterized SecADC by NMR spectroscopy (Fig. 1). Despite its large size
(68 kDa) and the fact that the protein is fully protonated, the
resonance peaks of the 2D 1H-15N HSQC spectra appear relatively
narrow (Fig. 1b). This indicates that SecADC is very dynamic. In
contrast, the 1H-15N HSQC spectrum of intact SecA reveals extensive
quench of the flexibility of the catalytic core, with only a few regions
showing some mobility (Fig. 1c)34. Therefore, binding of the
C domain suppresses drastically the inherent flexibility of the helicase
motor. Moreover, the nucleotide-binding site in SecADC appears
unstable, as regions of IRA2 lining the cleft (b-strands 1 and 6 and
a-helix 6; red-colored regions in Fig. 1a) are unstructured at 22 1C,
according to NOE and chemical shift index (CSI) analysis (Supplementary Fig. 1 online). Notably, previous NMR studies have suggested that helix 6 is dynamic in solution even in full-length SecA34, in

The helicase motor domains interact transiently
The highly dynamic nature of SecADC suggests that the bi-lobar
helicase motor adopts a dumbbell-like conformation in solution. A
markedly ‘open’ conformation of the motor unit seems to be common
to many helicases, as has previously been shown by crystallography for
eIF4A35, MjDEAD36 and UAP56 DEAD-box31,37 proteins. Nevertheless, NMR analysis shows that the cross-peaks in the isolated IRA2
domain spectra (Fig. 2a) are not exact subsets of SecADC, as
considerable chemical shift perturbations are observed (Fig. 2b).
This is suggestive of a transient, yet important interaction between
IRA2 and NBD in SecADC (Fig. 2c).
IRA2 regions lining the cleft are inherently flexible
The dynamic behavior of IRA2, and its potential mechanistic implications for the regulation of the motor properties, prompted us to
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Figure 2 The helicase motor domains interact transiently. (a)
HSQC
NMR spectrum of the isolated IRA2 domain. (b) Excerpt of overlaid 2D
1H-15N HSQC spectra of isolated IRA2 (cyan) and SecADC (black).
Assignment of the IRA2 residues is indicated. (c) IRA2 residues that change
their chemical shift considerably upon interacting with the NBD, indicating
a transient interaction between the two domains, are colored orange. Motifs
V and VI, which are essential for ATP hydrolysis7, are indicated. Results are
mapped using PDB entry 1M74. b-strands 1 and 6 and a-helix 6 are
unstructured in solution (Supplementary Fig. 1).
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negligible. This observation suggests that
ADP binding to the helicase motor causes
IRA2 regions surrounding the cleft to popu0.8
late an ensemble of alternate conformations
1
0.6
that interconvert on the micro- to milliV
second timescale. It is noteworthy that motifs
0.4
β1
V and VI also show enhanced slow dynamics
0.2
0
upon ADP binding (Fig. 4b). Such slow
domain motions are biologically very imporα6
0
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tant because they are close to the timescales
VI
β6
on which functional processes such as
–0.2
protein folding and allosteric transitions take
–0.4
place38–40. The slow motions shown by
almost all residues of IRA2 that line the
Figure 3 Fast backbone motions of isolated IRA2. (a) 1H-15N NOE values of IRA2 as a function of
nucleotide cleft suggest that these regions,
residue number. Low values indicate flexibility, higher values rigidity. (b) NOE values are mapped in
which are unfolded in the absence of the
continuous-scale colors on the structure of B. subtilis IRA2 (PDB entry 1M74). Motifs V and VI are
nucleotide, may undergo a nucleotideindicated. E. coli IRA2 has an insertion of 29 nonconserved residues (residues 517–545) that,
according to the present NOE and CSI data, form two helices, a4 and a5 (Supplementary Fig. 1).
coupled disorder-order transition and
This insertion is remote from the NBD-IRA2 interface.
populate alternate conformations in the
nucleotide-bound complex. The conformational plasticity of IRA2 is potentially of great
further characterize this domain. Isolated IRA2 remains structured, as significance, because it could allow different functional states along the
evidenced by the dispersion of the NMR spectrum’s resonance peaks ATP hydrolysis pathway to be generated.
(Fig. 2a) and comparison of the IRA2 NMR spectrum with that of
SecADC (Fig. 1b). As in the case of SecADC, b-strands 1 and 6 and Equilibrium of disordered and ordered states in the motor
a-helix 6 of the isolated IRA2 are disordered (Supplementary Fig. 1). The NMR data shows that nucleotide binding induces a more ordered
We next determined the amplitude of protein motions with fast form of the intrinsically metastable nucleotide cleft. A very sensitive
(subnanosecond) time constants by recording heteronuclear 1H-15N and accurate approach to characterize the disorder-order transition is
NOE data (Fig. 3a). The measured values were mapped on the crystal to measure, by isothermal titration calorimetry (ITC)41, changes in
structure of IRA2 (Fig. 3b). The motions of all residues in helicase enthalpy (DH) upon nucleotide binding as a function of temperature
motifs V and VI (encompassing a-helix 6) and b-strands 1 and 6 have (Fig. 5 and Supplementary Fig. 2 online). At low temperatures
large amplitudes (low NOE values), providing direct evidence of the (5–20 1C), the slope of the DH versus temperature (T) correlation
pronounced flexibility of these regions. Nevertheless, the NOE values for ADP binding to SecADC is linear, and the heat-capacity change
suggest that motif VI retains some residual secondary structure, as (DCp ¼ (DH1 – DH2)/(T1 – T2)) is not large (Fig. 5a, solid blue line).
opposed to strand 6, which appears entirely unfolded (negative NOE This behavior is typical of protein-ligand interactions over experimenvalues). In contrast, IRA2 regions that face away from the nucleotide tal temperature ranges. Notably, at temperatures higher than 21 1C,
cleft remain well folded and show substantial rigidity (Fig. 3a,b). The ADP binding to SecADC is accompanied by an unusual nonlinear
observed differential flexibility in IRA2 may allow the rigid part to temperature dependence of the enthalpy, meaning that the heatfunction as a scaffold to support the dynamic region that faces the capacity change is temperature dependent (Fig. 5a, dashed blue
nucleotide cleft.
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Figure 4 Effect on IRA2 induced by ADP binding to SecADC. (a) Excerpts
of overlaid spectra of SecADC unbound (black) and bound to MgADP
(green). Assignment of the IRA2 residues is indicated. (b) IRA2 residues
whose resonance severely broadens upon ADP binding to SecADC are
colored orange. Peak broadness signifies the presence of considerable
conformational exchange, suggesting a nucleotide-induced partial folding
of the intrinsically unstructured IRA2 regions that line the nucleotide cleft
(b-strands 1 and 6 and a-helix 6).
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Nucleotide binding stabilizes a folded yet dynamic IRA2
To examine how IRA2 responds to nucleotide binding, we studied by
NMR the interaction of SecADC with ADP. ADP binding to the motor
elicits widespread conformational changes in IRA2, attested by the
pronounced chemical shift changes experienced by almost all of its
residues (Fig. 4). The resonances of several residues located close to
the nucleotide interface showed particularly severe broadening, indicating the presence of conformational exchange phenomena (Fig. 4).
Under the experimental conditions used for the NMR studies
([SecADC] B0.8 mM, [ADP] B1 mM, Kd B0.3 mM), the contribution from ADP binding and dissociation to line broadening is
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Figure 5 Thermodynamic analysis of nucleotide
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equilibria in the nucleotide cleft at the
interface of the helicase motor domains.
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NBD-IRA2 interface stabilize the interaction between the domains (E. coli numbering). Latin numbers indicate helicase motifs. The electrostatic
interactions in the nucleotide cleft give rise to the pronounced salt dependence of the thermodynamic parameters in a and b.
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the burial of hydrophobic surface areas as the IRA2 regions that line
the cleft become more ordered. In fact, temperature-dependent heatcapacity change is the thermodynamic signature of a preexisting
conformational equilibrium in the unliganded state of a protein41,44–46. It should be emphasized that a pure rigid-body opening
and closure of the NBD-IRA2 interface cannot give rise to temperature-dependent heat capacity44.
Interactions among helicase motifs stabilize IRA2
The characteristic temperature (referred to as Tf ) at which the DHfol
term starts becoming appreciable, thus causing DHobs to deviate from
linearity, provides an additional probe of the disorder-order transition. Tf is B21 1C for ADP binding to SecADC (Fig. 5a, blue dots).
Therefore, at temperatures below Tf, the flexible regions of IRA2 lining
the cleft exist in a more stable conformation in the context of SecADC.
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line). A series of similar ITC experiments conducted in buffers with
different ionization enthalpies42 showed no evidence of coupled
protonation events (data not shown).
The origin of the nonlinear dependence of DH on temperature can
be readily rationalized in terms of the observed disorder-order transition with a simple model (Fig. 5c). The nucleotide cleft in SecADC
exists as an equilibrium of disordered and ordered states. At lower
temperatures, the ordered states predominate, as suggested by NMR
(data not shown); thus, the experimentally observed DH (DHobs)
upon ADP binding at temperatures below B21 1C corresponds in its
entirety to the intrinsic binding enthalpy (DHbin) (Fig. 5c, reaction 1).
As temperature increases, the fraction of the protein that populates the
disordered states also increases (equilibrium in Fig. 5c shifts to the
right). In this case, ADP binding would induce folding of the
nucleotide cleft, in full agreement with the NMR data. As a
consequence, an additional enthalpic term (DHfol) appears (Fig. 5c,
reaction 2). A nonzero DHfol term is what causes DHobs to deviate
from linearity and can be used as a measure of the extent of the
nucleotide-induced disorder-order transition.
Thus, the thermodynamic data strongly support the argument for
the existence of a temperature-dependent equilibrium of disorderedordered states in the nucleotide cleft of apo-SecADC. The increased
negative heat-capacity change upon nucleotide binding at high temperatures is a characteristic of a coupled folding event43, arising from
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Figure 6 Effect of the D649A mutation on SecA properties. (a) Whereas
wild-type (WT) C34 interacts with SecADC to yield ‘reconstituted SecA’
(indicated with an asterisk), C34-D649A binds SecADC very weakly. The
reactions were analyzed by native PAGE as described previously17. SecADC
does not give a sharp band in this assay (lane 2)17. (b) C34-D649A does
not suppress the ATPase activity of SecADC, in contrast to wild-type C34.
(c) Basal (B), membrane (M) and translocation (T) ATPase activity of wildtype SecA versus SecA-D649A. (d) Enthalpy change (DHobs) as a function of
temperature for the interaction of wild-type SecA, SecADC and SecA-D649A
with MgADP in 100 mM K+.
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NBD

Figure 7 Allosteric effect of the presence of IRA2 and ADP binding to
SecADC on PBD. (a,b) Schematic showing structural changes. Green surface
coloring in a indicates residues in PBD that are affected (their resonances
shift or broaden substantially) upon ADP binding; green in b indicates
residues affected in the presence versus absence of IRA2 (Supplementary
Fig. 6). Two residues, Tyr326 and Trp349, shown to be important for
preprotein binding to SecA15,52 are indicated. The nucleotide- and
preprotein-binding sites are located more than 50 Å apart.
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Similarly to SecADC, the nucleotide-driven folding transitions in SecA
are salt-dependent (Fig. 5b, orange squares), indicating that they
rely upon electrostatic NBD-IRA2 interactions mediated by
helicase motifs.
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By contrast, NMR shows that these regions in isolated IRA2 remain
unfolded and flexible even at temperatures as low as 15 1C. These
IRA2 regions may gain some stability in the context of SecADC
because of the presence of the NBD. The entire NBD-IRA2 interface
is predominantly mediated by salt bridges formed by highly conserved
residues at helicase motifs (Fig. 5d)5,6,33.
To further test the hypothesis that the structural integrity of the
nucleotide cleft depends on NBD-IRA2 interactions, the strength of
the electrostatic contacts in the NBD-IRA2 interface of SecADC was
modulated by varying the salt concentration in the buffer. Increasing
the salt concentration from 100 to 550 mM K+ caused a pronounced
reduction of Tf, which approached a value of 13 1C (Fig. 5a, orange
squares). Therefore, substantial unfolding of IRA2 takes place B8 1C
lower in the high-salt buffer than in the low-salt buffer. Owing to the
‘screening’ conferred by the increased concentration of salt ions, the
electrostatic interactions between NBD and IRA2 are weakened; as a
result, the flexible IRA2 regions facing NBD are no longer stabilized
and, thus, populate unfolded states. Control of folding transitions at
the nucleotide cleft by interdomain NBD-IRA2 interactions provides a
mechanism to regulate the structure and dynamics of the helicase
motifs as SecA undergoes conformational changes during the translocation process.
Full-length SecA undergoes disorder-order transitions
To investigate whether the disorder-order transition phenomena
observed in the helicase motor of SecADC are influenced by the
presence of the C domain, we undertook detailed thermodynamic and
biochemical investigation of full-length SecA and its interaction with
nucleotides. Notably, similarly to SecADC (Fig. 5a), ADP binding to
SecA is also coupled to a folding transition at the nucleotide cleft
(Fig. 5b, blue dots). However, the NBD-IRA2 interface in SecA becomes unstable only close to physiological temperatures (Tf B37 1C),
much higher than the Tf observed with SecADC (B21 1C).
Apparently, in accordance with our NMR data (Fig. 1b,c) and
biochemical observations7,17,18, the presence of the C domain physically restricts the NBD and IRA2 domains from moving apart,
resulting in higher stability of the regions lining the nucleotide cleft.
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Mutations at the C domain alter the NBD-IRA2 interface
What is the structural basis for the increased stability of the NBDIRA2 interface in SecA? The only C domain structural feature that
interacts directly with both domains of the helicase motor is the SD
(Fig. 1a)5,6,33. In all currently available SecA crystal structures, at least
two strong salt bridges between the elongated SD a-helix and NBD
appear to retain SecA in a compact conformational form. To test the
hypothesis that SD regulates the integrity of the NBD-IRA2 interface,
an SD-NBD salt bridge between Asp649 and Arg220 was disrupted by
mutating residue Asp649 to alanine. The capacity of SecA-D649A to
carry out efficient protein translocation in vitro and to complement a
chromosomal thermosensitive secA gene in vivo is similar to that of
wild-type SecA (Supplementary Fig. 3 online). The mutation was also
transferred to C34, an isolated polypeptide encompassing the complete C domain17. The association between C34-D649A and SecADC
was tested using a previously established native PAGE assay17. In this
assay, C34 binds SecADC, forming a ‘reconstituted SecA’ complex that
migrates more slowly (B200 kDa; Fig. 6a, lane 4) than either SecADC
(B70–100 kDa; Fig. 6a, lane 2) or C34 (B70 kDa; Fig. 6a, lane 3)
alone. In contrast, C34-D649A is severely compromised in its ability to
form stable complexes with SecADC (Fig. 6a, lane 6). In agreement
with this result, C34-D649A does not suppress the elevated ATPase
activity of SecADC, whereas C34 does so very efficiently (Fig. 6b). As
expected, the basal ATPase activity of SecA-D649A compared to that
of SecA is much greater (Fig. 6c).
To assess the effect of the D649A mutation on the integrity of the
nucleotide cleft, we measured DH of ADP binding as a function of
temperature. For ADP binding to SecA-D649A (Fig. 6d, green dots)
the results show a much lower Tf (B24 1C), compared to wild-type
SecA (Tf B37 1C; Fig. 6d, blue triangles), one that approaches the
characteristic Tf of SecADC (Fig. 6d, red squares). Therefore, the
combined thermodynamic and biochemical data show that the SecA
C domain is an additional regulator of helicase motor folding
transitions and ATP catalysis.
The c-phosphate modulates the disorder-order transition
The equilibrium of disordered-ordered states at the nucleotide cleft
may be modulated during the catalytic cycle. To test this hypothesis, in
addition to ADP, which probes the post-hydrolysis (or product-like)
state, we used ATP-g-S, a nonhydrolyzable ATP analog, to probe
the substrate-like state. At the physiological temperature of 37 1C,
ADP binding to SecA does not induce the folding transition, because
the DHfol term is 0 (Fig. 5b, blue dots). In contrast, at the same
temperature, ATP-g-S binding to SecA results in DHfol ¼ –4.5 kcal
mol–1 owing to induced folding (Fig. 5b, green dots). Therefore,
although at 37 1C the fraction of SecA with the nucleotide cleft in
the disordered state is appreciable, only ATP-g-S binding is capable
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of inducing local folding of the IRA2 regions. At higher salt concentrations, where the nucleotide cleft exists in a disordered state at
low temperatures, ATP-g-S binding induces folding of the flexible
regions at a Tf of just B25 1C (Fig. 5b, red squares), whereas
ADP binding does so only at Tf B32 1C (Fig. 5b, orange squares).
These results indicate that ATP binding to SecA favors a compact
conformation, rather than the relaxed one suggested previously47
by studies using AMP-PNP, which is not a faithful mimic of ATP
for SecA48. Overall, the thermodynamic data clearly show that the
extent of the disorder-order transition is dependent on the identity of
the nucleotide.
Distinct nucleotide-induced folding events are also observed in
SecADC. The NMR results (Figs. 1 and 2) suggest that at 22 1C, only
the IRA2 regions facing the cleft are disordered. On the basis of the
amounts of nonpolar and polar surface43 of these regions, we estimate
that complete folding of IRA2 and closure of the nucleotide cleft
would give rise to a DCp of B –1 kcal mol–1 K–1. DCp due to folding
(estimated by correcting for the intrinsic DCp of binding at lower
temperatures) is 1.4 kcal mol–1 K–1 for ATP-g-S and 1.0 kcal mol–1 K–1
for ADP (Supplementary Fig. 4 online). Thus, ADP binding seems to
stabilize a much smaller fraction of the folded regions of IRA2 than
ATP-g-S does. Overall, ATP-g-S and ADP modify the conformational
ensemble at the NBD-IRA2 interface in distinct ways, with ATP-g-S
favoring a locally more folded state. It seems that the g-phosphate in
ATP-g-S provides additional contacts to the flexible regions of IRA2,
thus improving their stabilization.
‘Arginine fingers’ regulate the disorder-order transition
Arginine fingers are ubiquitous in NTPases and serve to neutralize
developing charges in the transition state, thereby dramatically enhancing the catalytic activity8,49,50. As shown by SecA crystal structures5,6,33, and, in accordance with structural and mutagenesis studies
of relevant helicases8, both Arg574 (motif VI) and Arg509 (motif V) in
E. coli SecA, two highly conserved residues, could coordinate the
g-phosphate of ATP. Our results show that both R509K and R574K
mutations compromise the ATPase activity of SecADC. Moreover, the
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Figure 8 Model of conformational and dynamic changes in the helicase
motor of SecA as a function of the nucleotide state, as suggested by the
present NMR, thermodynamic and biochemical data. Green and yellow
dotted lines indicate strong and weak salt electrostatic interactions,
respectively. NBD-IRA2 interface is colored according to its flexibility: dark
blue, light blue and red indicate increasing flexibility. PBD and C domain
have been omitted for simplicity. See text for details.
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mutants are not stimulated upon addition of preproteins and SecYEGcontaining membranes to SecA (Supplementary Fig. 5 online); such
stimulation is a hallmark of the translocation process19,51.
To determine whether these residues can function as a trigger for
conformational changes during ATP hydrolysis, we measured DH of
nucleotide binding to SecA-R574K and SecA-R509K as a function of
temperature (Supplementary Fig. 4). ATP-g-S binding to either SecAR574K or SecA-R509K at 37 1C does not induce folding of the
nucleotide cleft (DHfol B0), in contrast to wild-type SecA (DHfol ¼
–4.5 kcal mol–1). At higher temperatures, nucleotide binding to the
mutant proteins promotes some local folding, but this is to a much
lesser extent than that seen in wild-type SecA. Furthermore, the
dissociation constant (Kd) of the complex of either SecA-R574K
or SecA-R509K with ATP-g-S increases four-fold at 37 1C, whereas
it remains invariable for their complex with ADP (Supplementary
Fig. 5). Therefore, Arg574 and Arg509 can differentiate between
ATP-g-S and ADP and are central determinants of the alternate
conformational states generated during the ATPase cycle.
Nucleotide binding affects allosterically the PBD
ADP binding to SecADC causes PBD to undergo dramatic changes in
both its conformation (as evidenced by chemical shift changes) and
slow dynamics (as evidenced by resonance broadening) (Fig. 7a and
Supplementary Fig. 6 online). This demonstrates that the binding
signal generated at the NBD-IRA2 cleft is allosterically transmitted to
PBD and affects several residues, among them Tyr326 and Trp349, that
have important roles in protein translocation or respond to the
presence of translocation ligands15,52. The substantial slow dynamics
on the micro- to millisecond timescale that are induced in PBD by
ADP binding to the remote helicase motor could have a great impact
on the binding energetics and the promiscuous specificity39,40 of SecA
for its preprotein substrates. Notably, comparison of the NMR spectra
of SecADC (Fig. 1b) with those of SecADC-DIRA2 (a polypeptide
encompassing NBD and PBD, but not IRA2; Supplementary Fig. 6)
shows that the presence of IRA2 strongly influences the conformation
of PBD, even when the nucleotide cleft is vacant (Fig. 7b). Therefore,
in addition to its role as an ATPase regulatory domain, IRA2 seems
capable of affecting the preprotein-binding site at PBD. In sum, we
conclude that nucleotide binding and IRA2 allosterically control both
the conformation and the dynamics of the preprotein-binding site,
thus providing a functional link between the ATPase cycle and
preprotein binding.
DISCUSSION
The present findings demonstrate that the helicase motor of SecA has
a novel allosteric mechanism that acts independently of potential
rigid-body movements during the catalytic cycle. We show that, at
physiological temperatures, the nucleotide cleft of SecA exists in a
metastable state characterized by an equilibrium of ordered and
disordered conformational states. These results are in agreement
with previous observations from NMR studies of full-length SecA34.
This highly dynamic conformational ensemble has distinct responses
to ATP binding and hydrolysis, giving rise to alternate conformational
states during the ATPase cycle (Fig. 8).
In the ‘closed’ conformation of the motor (Fig. 8, state 1),
consolidated by the extensive contact surface between SD and the
motor and by lower temperatures5,47,48, NBD-IRA2 contacts are
optimal and all IRA2 regions facing the cleft are well folded. Because
SD is the structural ‘switch’ that modulates the mutual interaction of
the NBD-IRA2 interface, it may then control the response of SecA to
translocation ligands. Factors that loosen the SD-motor interaction
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will shift the conformational equilibrium at the cleft toward the
disordered state (Fig. 8, state 2). Notably, even a single mutation on
SD that disrupts a salt bridge between SD and NBD suffices to
stimulate the basal ATPase activity of SecA to values similar to those
of the translocation ATPase (Fig. 6c). Thus, it is likely that the SD of
SecA engaged in protein translocation (that is, bound to SecYEG and
preproteins) undergoes cycles of detachment and rebinding to the
helicase motor. The strong effect of SD in promoting the interaction
between NBD and IRA2 is illustrated by the pronounced flexibility
gained by SecA upon removal of the C domain (SecADC) (Fig. 1b,c).
The flexible conformation of the motor in SecADC is expected to
resemble the functionally relevant relaxed conformation of SecA seen
at physiological temperatures5,47,48. However, even when SecA adopts
a completely loose, dumbbell-like conformation, NBD and IRA2 still
interact transiently (Fig. 2b,c) and PBD is allosterically affected
(Fig. 7b) even in the absence of a nucleotide.
Temperature is the main determinant of the interconversion of the
helicase motor between the closed and open conformations when the
C domain is detached (Fig. 8, state 2). Whereas at elevated temperatures ADP binds SecADC with much lower affinity (Kd 4 50 mM at
37 1C) than SecA (Kd B1 mM at 37 1C), at low temperatures the
affinities for both SecADC and SecA binding to ADP are very similar
(Kd B0.1 mM). Furthermore, at low temperatures the ATPase activity
of SecADC is suppressed17. These measurements suggest that, whereas
the helicase motor of SecADC is widely open at higher temperatures,
drastically reducing the affinity for nucleotide, at very low temperatures it exists in a closed conformation, even in the absence of the
C domain.
SecA is known to undergo an endothermic transition at temperatures slightly above physiological5,47,48. Because this transition is
modulated by a variety of mutations in both SecA and SecG48,53,54,
as well as by the presence of nucleotides5,7,18,53 and preproteins15, it has
been hypothesized that it is important for the preprotein translocation
reaction. On the basis of combined biophysical and biochemical data,
it has been proposed that this transition may involve the dissociation
of the a-helical wing domain (WD; Fig. 1a), resulting in globally
cooperative changes in domain-domain interactions and the opening
of the nucleotide cleft5,47. The present results suggest that the disorderorder transitions at the nucleotide cleft are the primary contributor to
the thermodynamics of the endothermic transition in SecA.
ATP binding to the helicase motor would bring closer the NBD and
IRA2 domains by providing contacts to both of them5,33 (Fig. 8,
state 3). The g-phosphate may be coordinated by Arg574 and Arg509
only when IRA2 is folded (Supplementary Figs. 4 and 5). Therefore,
ATP binding induces a disorder-order transition resulting in the
a-helix of motif VI and the other flexible regions of IRA2 becoming
folded. Subsequent ATP hydrolysis and release of pyrophosphate (Pi)
would disrupt the contacts of the arginine fingers to the phosphate
moiety of the nucleotide, resulting in a less stable conformation (Fig. 8,
state 4). In this state, the helicase motor is occupied by ADP and still
exists in a closed conformation, as suggested by the present thermodynamic data (Fig. 5). This conclusion is further corroborated by
earlier observations that the linker connecting NBD and IRA2 becomes
protease resistant in the presence of either ATP or ADP17. However, it is
clear from our data (Fig. 5) that, in contrast to the ATP-bound state, in
the ADP-bound state the interdomain interactions are not optimal and
regions of IRA2 facing the cleft are partially disordered.
The arginine fingers are of tantamount importance in controlling
the disorder-order equilibria, as when they are mutated the resulting
SecA proteins cannot differentiate between ATP and ADP. These
mutants do not induce the ATP-driven disorder-order transition to
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the extent that wild-type SecA does (Supplementary Fig. 4). The
overall motor conformation in the ATP-bound state of these mutant
SecAs presumably resembles the ADP-bound state of wild-type SecA,
as suggested by the DCp values. These results reveal a previously
uncharacterized role of the arginine fingers in helicase motors: their
ability to modulate the degree of the conformational disorder-order
transitions undergone by regions lining the nucleotide cleft. In
principle, this novel mechanism may or may not be accompanied
by rigid-body rotation of the motor domains, as is the mechanism
described in PcrA helicase25.
Notably, the motor domain-2 (corresponding to IRA2 in SecA) of
another helicase (Hepatitis C virus, HCV)55 seems to undergo
disorder-order transitions as a function of the ligation state. A salt
bridge between the helix of motif VI and the rigid scaffold of domain 2
confers stability to this region in HCV. The salt bridge is not present in
IRA2 of SecA, whose stability is instead regulated through interdomain interactions with the NBD and SD. Disruption of this salt bridge
in HCV by mutagenesis results in the unfolding of motif VI and two
b-strands located at very similar positions to the ones seen to unfold
in IRA2 (ref. 55). This observation suggests that both SecA and the
HCV helicase may exploit the conformational ensemble of the helicase
motor through similar mechanisms to translocate entirely different
biopolymers.
In conclusion, the presence of extended regions of intrinsic plasticity at the motors of helicases provides these proteins with a very
sensitive and malleable ‘allosteric scaffold’ that is distinctly modified
during the ATPase cycle. The outcome achieved by this mechanism is
the coupling of nucleotide-driven cycles of helicase motor motions to
cycles of binding, conformational alteration and release of the translocated aminoacyl or nucleic acid polymer.
METHODS
Protein expression and purification. His-tagged E. coli SecA, SecADC,
SecADC-DIRA2 and isolated PBD and IRA2 domains were constructed as
described previously7,15,17. Details for the construction of R509K, R574K and
D649A mutants are provided in Supplementary Methods (online). The
BL21DE3/pLysS strain containing the selected protein-coding plasmid was
grown on LB or minimal medium. Cultures for full-length SecA and its
mutants were grown at 30 1C and protein synthesis was induced at the same
temperature by addition of 0.5 mM of IPTG at A600 B0.4. Isolated IRA2, PBD
and SecADC-DIRA2 were produced by growing their cultures at 30 1C to an
A600 B0.3. At that point, the temperature was decreased to 22 1C and IPTG
was added 1 h later. SecADC was produced similarly, but IPTG was added at
16 1C and the culture was allowed to grow for 2 h before harvesting.
Purification for all proteins was accomplished in three steps. First, the lysate
was loaded on a nickel-nitrilotriacetic acid agarose resin, pre-equilibrated with
50 mM Tris-HCl (pH 8.0), 1 M NaCl, 10% (v/v) glycerol and 5 mM imidazole.
The protein was eluted with the loading buffer, containing 50–450 mM
imidazole. Next, the sample was loaded, after dialysis, on a Mono-Q ionexchange column (Amersham) and the protein was eluted with a 0–2 M NaCl
linear gradient. For the final step, the sample was concentrated and applied to a
Superdex-200 size-exclusion column (Amersham). Gel filtration confirmed the
dimeric state of full-length SecA and the monomeric state of SecADC. The
latter behaved as a monomer even at concentrations as high as 0.8 mM. For
NMR studies, proteins were prepared as 15N-, 13C,15N- or 2H,13C,15N-labeled
samples using minimal media containing a combination of 15NH4Cl, 1H7,
13C -glucose or 2H ,13C -glucose.
6
7
6
NMR spectroscopy. NMR experiments were performed on Varian 600- and
800-MHz spectrometers. Sequential assignment of the 1H, 13C and 15N protein
backbone chemical shifts was achieved by means of through-bond heteronuclear scalar correlations using the following 3D pulse sequences: 3D HNCO,
3D HN(CA)CO, 3D HNCA, 3D HN(CO)CA, 3D HNCACB and 3D HN(CO)
CACB. Side chain assignment was performed using 3D C(CO)NH and
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3D H(CCO)NH spectra. NOEs were assigned and collected on the basis of 3D
15N NOESY HSQC and 13C NOESY HSQC spectra. All NMR samples were
prepared in 50 mM KCl, 50 mM potassium phosphate, 1 mM DDT and
1 g l–1 NaN3 (pH 7.5). Concentrations were 0.5 mM for full-length SecA,
0.8 mM for SecADC, 0.5 mM for IRA2, 0.7 mM for PBD and 0.15 mM
for SecADC-DIRA2. All spectra were recorded at 22 1C.

© 2006 Nature Publishing Group http://www.nature.com/nsmb

Spin relaxation measurements. The heteronuclear cross-relaxation 1H-15N
NOE data were obtained by recording interleaving pulse sequences with and
without proton saturation. One spectrum was recorded with a 3-s recycle delay
followed by 3-s saturation and another spectrum with no saturation and a 6-s
recycle delay. The heteronuclear 1H-15N NOE was determined from the ratio of
peak heights for experiments with and without 1H-saturation pulses.
Isothermal titration calorimetry. ITC was used to measure the enthalpy (DH),
entropy (DS) and free energy (DG) changes of nucleotide binding to SecA and
its functional derivatives. The heat capacity (DCp) of the reaction was
determined from the temperature dependence of enthalpy change. At least
two independent measurements of the reaction were made at lower temperatures and four or five for the reactions at higher temperatures. All experiments
were performed on a VP-ITC microcalorimeter (MicroCal). Protein samples
were extensively dialyzed against ITC buffer, typically containing 50 mM TrisHCl (pH 7.5), 50 mM KCl (or 500 mM KCl for experiments in high salt),
5 mM MgCl2 and 1 mM TCEP. The heat of binding in the Tris buffer was very
similar to that observed in potassium phosphate, indicating a weak coupling of
binding to changes in protonation42 of the protein, the ligand or both.
Nucleotide solutions were prepared in the flow-through of the last buffer
exchange and their concentration was determined spectrophotometrically using
a molecular extinction coefficient of 14,650 M–1 cm–1 at 259 nm. More
experimental details are provided in Supplementary Figure 2.
Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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