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SecA Folds via a Dimeric Intermediate
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ABSTRACT. Though many proteins in the cell are large and multimeric, their folding has not been extensively
studied. We have chosen SecA as a folding model because it is a large, homodimeric protein (monomer
molecular mass of 102 kDa) with multiple folding domains. SecA is the ATPase for the Sec-dependent
preprotein translocase of many bacteria. SecA is a soluble protein that can penetrate into the membrane
during preprotein translocation. Because SecA may partially unfold prior to its insertion into the membrane,
studies of its stability and folding pathway are important for understanding how it functions in vivo.
Kinetic folding transitions in the presence of urea were monitored using circular dichroism and tryptophan
fluorescence, while equilibrium folding transitions were monitored using the same techniques as well as
a fluorescent ATP analogue. The reversible equilibrium folding transition exhibited a plateau, indicating
the presence of an intermediate. Based on the data presented here, we propose a three-statgsnodel, N
I, &= 2U, where the native protein unfolds to a dimeric intermediate which then dissociates into two
unfolded monomers. The SecA dimer was determined to have an overall stab@)yof —22.5 kcal/

mol. We also investigated the stability of SecA using analytical ultracentrifugation equilibrium and velocity
sedimentation, which again indicated that native or refolded SecA was a stable dimer. The rate-limiting
step in the folding pathway was conversion of the dimeric intermediate to the native dimer. Unfolding of
native, dimeric SecA was slow with a relaxation time iaQHof 3.3 x 10* s. Since SecA is a stable
dimer, dissociation to monomeric subunits during translocation is unlikely.

The amino acid sequence of a polypeptide determines theand probably have more complex folding rules. Conse-
folding pathway and final three-dimensional structure of a quently, the study of small monomeric proteins is not
protein (). However, the mechanism by which the amino sufficient for determining the folding rules of larger proteins,
acid sequence directs the folding of a protein is still unknown. particularly with respect to how the amino acid sequence
Determining the mechanism by which a protein folds has controls subunitsubunit interactions or interactions between
important implications for human health since many diseasesdomains. For example, it has been established that the folding
such as Alzheimer’s disease, osteogenesis imperfecta, an@f large proteins usually occurs with a rapid hydrophobic
prion-based diseases have been linked to misfolding andcollapse followed by a slower second phase that often
aggregation of protein2( 3). In addition, the study of how  consists of an molten globule intermediat€) The molten
a protein folds is of importance to biotechnology. Many gjobule continues along the folding pathway through domain
proteins that are produced in heterologous hosts form pairing or subunit association into an oligomer and, finally,
inclusion bodies, causing the loss of that protél€). If jnto the native conformationid, 12. With certain proteins
the relationship between amino acid sequence and proteingch as P22 tailspike protein and bacterial luciferase, subunit
folding were understood, the problems associated with gs5qciation occurs before folding is completé@16). In
protein misfolding could be more easily addressed. other proteins such as aspartokinase |, homoserine dehydro-

Typically, protein folding studies are performed with small, genase |, and malate dehydrogenase, each subunit is first
single-domain proteins as model¥—9). These model  folded and then the folded subunits associate into a larger
systems are chosen because the folding is reversible and thegomplex @2, 17. Subunit association is often the rate-
give a more simplified view of folding. However, many  determining (slow) step in the folding of a large, multidomain
proteins in the cell are large with multiple folding domains  protein (11, 12, 18. As a result of slow subunit association
and subunits. Most likely, these large proteins do not follow o sjow folding, the protein may form aggregates instead of
all of the folding principles established for smaller proteins, achieving the native conformation via the productive folding
pathway.
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GroEL/S, to assist in their folding. Many labs have studied
the folding of multimeric enzymes using a variety of
techniques {, 19-21). We have chosen to address these
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from Molecular Probes. All other chemicals were reagent
grade purchased from common sources.
Buffers. Unless otherwise noted, the buffer used in all

specific issues about the folding of large proteins using the studies was 25 mM KAc, 10 mM Hepes, 0.5 mM EDTA,
SecA protein. SecA is a stable homodimer with each and 100uM TCEP-HCI, pH 7.6.

monomer having 901 residue®?j. It is found in both the
cytoplasmic and the membranous fractionsEstherichia

SecA Production and Purificatiotlsing a method modi-
fied from Mitchell and Oliver 26), individual colonies of

coli where it is a necessary component of the Sec-dependen€. coli strain BL21.14 $ecA13(Am) supF(Ts) trp(Am) zch::

translocation pathway used by various cytosolic proteiBk (

Tn10 recA:CAT) containing the plasmid pT7secA28)

SecA has ATPase activity which is necessary for the were initially tested for SecA overproduction. The plasmid
translocation of preproteins across the inner membrane tocontains thesecA gene under T@l0 promoter control.

the periplasmic spac@4, 25. Each SecA monomer contains
two ATP binding sites, one high affinitykg = 0.13 uM)
and one low affinity Kq = 340uM) (26, 27). Other protein
components, such as SecB8), SecY, -E, and -G24, 29,
30), and anionic phospholipids3{, 32, are also required
for translocation to occur. Currently, it is believed that SecA
is a dimer while associated with the membra22, 33. SecB

Several individual colonies were grown overnight at°&7

in 5 mL of Luria broth in the presence of 80g/mL
ampicillin and 0.2% glucose. The cultures which overpro-
duced SecA were pooled, and a culture was grown overnight
in Lin A medium 62) in the presence of 8dg/mL ampicillin

and 0.2% glucose at 37C. Fresh Lin A medium was
inoculated with a 1:50 dilution of the overnight culture in

binding to SecA has been shown to require dimeric SecA the presence of 0.2% glucose and no ampicillin and grown

(34). The C-terminal domain has been tentatively identified
as containing the SecA dimerization sig&); The C-terminal
region has been shown to directly bind Se®6,(37, SecB
(34), and anionic phospholipids38). The C-terminus of
SecA also appears to contain a site foFZhinding which
may stabilize the SecB binding sit89). A 65 kDa fragment
of the C-terminal domain and also a 30 kDa portion of the

to a density of 4x 10° cells/mL at 37°C. Expression of
SecA from the plasmid was induced with 0.1 mM IPTG,
and the cells were allowed to grow for another 2 h. The cells
were collected by sedimentation at 10 000 rpm in a GSA
rotor for 10 min and resuspended in 2 mL of resuspension
buffer [25 mM Tris, pH 7.6, 10 mM NaCl, 10 mM Mg-
(OAcC),, 1 mM DTT] per gram wet weight of cells. The cells

amino-terminal domain have been shown to be proteasewere lysed in a French pressure cell at a minimum of 10 000

resistant 40, 47).
In addition to serving as a model for the folding of a large

psi. A protease inhibitor cocktail was immediately added to
the lysate (2ug/mL each of pepstatin, leupeptin, and

protein, the folding of SecA is of interest, because in the aprotinin, and 0.5 mM PMSF). All of the following steps
normal translocase cycle, SecA may partially unfold, possibly were performed at 4C. Any remaining intact cells were

to a molten globule-like conformatio{). This unfolding

removed by centrifugation at 12 000 rpm for 20 min in a

has been postulated to occur when SecA inserts itself into Sorvall SL50-T rotor. Membranes were removed from the
the inner membrane as part of the preprotein translocationsupernatant by sedimentation at 38 000 rpm 3oh in a

process42—44). With this insertion, SecA brings20—30

Beckman ultracentrifuge using a 60Ti rotor. The supernatant

amino acids of the preprotein across the membrane to theffom the high-speed spin was applied to a Blue Sepharose

periplasmic spacet)). Several discrete regions of SecA are

CL-6B column (Pharmacia Biotech) equilibrated with low-

exposed to the periplasm, indicating that large portions of salt buffer (LSB: 25 mM Tris, pH 7.6, 10 mM NaCl, 0.5
its structure must be altered for it to span the entire inner MM EDTA, 0.5 mM PMSF, and 1 mM DTT) at a flow rate

membrane more than oncéX-47). Additionally, several
studies have shown that SecA has two folding domai8s (
49). These two folding domains correspond well with the

of 2 mL/min. The~125 mL column was rinsed with 3 bed
volumes of LSB, and then a linear gradient of LSB mixed
with high-salt buffer (HSB: 25 mM Tris, pH 7.6, 1.3 M

protease-resistant 30 and 65 kDa domains that are thoughfNaCl, 0.5 mM EDTA, 0.5 mM PMSF, 1 mM DTT) was

to be in the membranetQ, 42. The extent of interaction

applied to the column. Three to five bed volumes were used

between the two domains is influenced by the presence ofto elute SecA from the column. To ensure the complete
ADP or ATP (48, 50 Because SecA undergoes such elution of SecA, the column was rinsed with 4 bed volumes
pronounced conformational changes during preprotein trans-of HSB. Fractions were collected and samples run on a 7.5%

location, determining how it folds in vitro may aid in
elucidating how SecA performs its role in vivo.

Here, we report the results of both equilibrium and kinetic

studies of the urea-induced unfolding and refolding of SecA.

Since SecA is a dimer both in vivo and in vitr®2), we use

several protein concentrations to determine concentration
dependence throughout our equilibrium and kinetic analyses.
SecA has been reported to have a stable equilibrium

intermediate in its folding pathwa{). Our studies indicate
that this intermediate is dimeric.

MATERIALS AND METHODS

Chemicals Ultrapure urea was purchased from ICN.
TCEP-HCt and HBVS were from Pierce. TNP-ATP was

SDS—polyacrylamide gel to determine which fractions
contained SecA. Fractions containing SecA were pooled, and
SecA was precipitated with 50% ammonium sulfate. The
precipitated SecA was resuspended in column buffer (25 mM
Tris, pH 7.6, 25 mM NacCl, 0.5 mM EDTA, 100M DTT)

and applied to a Sephacryl S-300 HR column (Pharmacia
Biotech) at a flow rate of 0.5 mL/min. The fractions
containing SecA were determined as above, and SecA was
precipitated with 80% ammonium sulfate. The pellets were

1 Abbreviations: KAc, potassium acetate; TCEP-HCI, tris(2-car-
boxyethyl)phosphine hydrochloride; EDTA, ethylenediaminetetraacetic
acid; Mg(OAc), magnesium acetate; DTT, dithiothreitol; PMSF,
phenylmethylsulfonyl fluoride; IPTG, isopropyl-p-thiogalactopyra-
noside; HBVS, 1,6-hexane-bis-vinyl sulfone; TNP-ATP(02 3)-O-
(trinitrophenyl)adenosine’ riphosphate, trisodium salt.
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stored at—80 °C. Before use, the pellets were resuspended ranging from 2 to 3.5 M urea. Refolding reactions were
in the working buffer (10 mM Hepes, pH 7.6, 25 mM KAc, initiated by at least a 90-fold dilution from 6.75 M urea to
0.5 mM EDTA, 100uM TCEP-HCI) and dialyzed against final concentrations of 0.022.5 M urea. These mixtures
the working buffer to remove excess ammonium sulfate using were not stirred during the course of the experiment to
a microdialyzer (Gibco-BRL). The SecA was stored in prevent aggregation. All experiments were performed at 20
aliquots at—80 °C and was only frozen once; protein was °C. The manual mixing took approximately 5 s; therefore,
discarded if not used immediately after thawing. The overall the first 5-7 s of recorded data was eliminated to account
yield was~12 mg of SecA per liter of cells. for instrument response. Excitation and emission wavelengths
Circular Dichroism and Fluorescence Spectifaar-Uv were 297 and 340 nm, respectively, with the corresponding
circular dichroism spectra were collected on a Jasco J-715band-passes at 0.5 and 16 nm. The refractive index was used
spectropolarimeter at 2. The spectra were recorded over to determine the final concentrations of urea.
the range of 195300 nm with the SecA concentration at Data Analysis.Equilibrium data were fit to the model:
2.5 uM monomer in 0 ad 8 M urea. The step resolution N, < |, < 2U, with N,, |, and 2U representing the native
was 0.5 nm with a speed of 50 nm/min. Five scans were dimer, the dimeric intermediate, and the unfolded monomer,
accumulated at a bandwidth of 2 nm and a cell path length respectively, using the program SAVUKA version 5.2, a
of 2 mm. Tryptophan fluorescence emission spectra were nonlinear least-squares prograf8( 54. Initially, the data
obtained on an SLM Aminco-Bowman Series 2 Lumines- for each technique at all concentrations were simultaneously
cence Spectrometer at 2€C and were recorded over the fit using eq 1: wherdJ is the [unfolded protein]T is the
range of 305-400 nm with an excitation wavelength of 297
nm using SecA at a concentration of 2«81 monomer in [2U%(X2*X1)] + (2U%X2)+ U —T=0 @)

both 0 and 8 M urea. The band-passes were set at 4 nm, an?total dimer], X1 is equal to exp—[AG1 — (mi*{urea])]/

the cell path length was 1 cm. The step resolution was 1 nm .

with a speed of 1 nm/s for all scans. RT}, _andX2 is equal to.ex{)—[AGZ — (m2*{urea])l/RT}.
Unfolding and Refolding of SecA to Equilibriu®ecA in AGlis the_AG of um_‘oldmgl from N, to I, at 1 M standard

the native state or SecA that had been unfolde8 M urea state conditions, whilaG2 is theAQ_ of unfolding from b

was diluted~20-fold into 0-8 M urea and incubated at 20 © 2U at 1 M standard state condm_ons, anti andm_2 are

°C overnight. The final SecA concentrations were 25, 100, themvalues of the respective transitions. The baseline slopes

or 250ug/mL, which corresponded to 0.25, 1, and 24 were fit using eq 2:

monomeric SecA, respectively. The unfolding and refolding SN= Sn, + sriurea]

transitions of SecA were monitored by measuring circular

dichroism (CD) and tryptophan fluorescence. CD intensities SU= Sy, + su[urea] (2)
were determined at 222 nm \wih 2 mmpath length cuvette

and bandwidth of 2 nm. For tryptophan fluorescence, the Z=(SI—SN/(SU-SN

excitation wavelength was 297 nm, the emission wavelength
was 340 nm, and the band-passes were both set to 4 n

with a cell path length of 1 cm. The temperature for all 5,45y, are the signals in the absence of denaturant, while
experiments was 26C. st and su are the slopes of the native and unfolded

HBVS Cross-Linking of SecA in the Presence of Urea. p,qelines, respectivel$§). TheZ-parameter indicates how
Equilibrium samples from the denatured or native state Wereclosely the intermediate resembles the native or unfolded

prepared as described above with SecA at a concentrationgase “with S| the signal of the intermediate. The fitting
of 2.5uM monomer. The samples were incubated for 3 h. 4 tine of the Savuka program numerically solved the
The cross-linker HBVS was added to a final concentration equations using a bisection algorithm. Subsequently, both

of 140uM. The reaction was done at 2C for 30 min. To  cp and fluorescence data at all concentrations were fit
stop the reaction, approximately a 10-fold excess of cyste|neg|oba”y’ also using eqgs 1 and 2. The kinetic data were fit to

was added. Ihe products of the_cross—linking reaction were 5 i-st_order rate with a single exponent with Kaleidagraph
run on a 7.5% SDSpolyacrylamide gel. (Synergy Software) from which rates of unfolding or

TNP-ATP Binding AssaySecA at 1uM monomer was  efoiding could be obtained using the formula of ecb8)(
prepared as described above for the equilibrium experiments.

;After the protein had reached equilibrium overnight at 20 Fo=F¢+ (F, — Fe tle 3)

C, 1uM of a nonhydrolyzable ATP analogue (TNP-ATP)

was added to each sample. The samples were mixed andyvhereF; andF; are the initial and final fluorescence intensity,
read immediately after the addition of the analogue. Excita- respectively,r is 1/rate constant, is time, andF, is the

tion and emission wavelengths were set at 410 and 541 nmchange in fluorescence intensity with time. The urea depen-
respectively, with corresponding band-passes set to 4 and &lence ofr was plotted, and that chevron plot of relaxation

whereSNandSUare the signals of the native and unfolded
rTbrotein, respectively, at a specific urea concentrationgmd

nm. times for folding and unfolding was fit to eq 47):
Kinetic Unfolding and Refolding Experiment&ither
native SecA or SecA that had been unfolded in 6.75 M urea 1/r, = K*© exp(m[urealRT) 4)

was placed in the bottomf@ 3 mL cuvette wih a 1 cm

path length and rapidly diluted to final concentrations of 0.25, wherekH:C is the rate constant of the folding or unfolding
0.6, or 1uM monomer with buffer containing urea. The reaction &0 M urea andn* describes the sensitivity of the
unfolding reactions were initiated by at least a 200-fold protein to denaturant. Using the relationship in eq 5, the
dilution of native SecA into buffer with urea concentrations values form* for folding and unfolding can be used to
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calculatea. which is an approximation of how close the
transition state is to the native or intermediate states of the
protein.

o= m /(M — M) (5)
The value ofa will be between 0 and 1 with 1 being the
nativelike form.

Analytical Ultracentrifugation Equilibrium Sedimentation.
SecA that had been unfolded 8 M urea and subsequently
refolded or native SecA was dialyzed against the KAc
Hepes buffer using a microdialyzer from Gibco BRL. The
solvent channels of the six-chamber 12 mm external loading
analytical ultracentrifuge cells with sapphire windows were
loaded with the buffer with which the protein was dialyzed.
The corresponding solution channels were loaded with eight
concentrations of both native and refolded SecA ranging from
1 to 15uM monomer (0.1+1.5 mg/mL). The samples were
centrifuged in a Beckman XLI ultracentrifuge at 12 000 and
15000 rpm at 20°C in an AN60Ti 8 hole rotor until
sedimentation equilibrium was achieved at each speed.
Interference optics were used to follow the concentration
gradient as well as monitor the approach of the solution to
equilibrium in the cells every 3 h. Attainment of equilibrium
was verified using the MATCH program (personal com-

Doyle et al.

Fluorescence Intensity

340 360
Wavelength (nm)

380 400

Ficure 1: Fluorescence emission spectra of native Se®pand
SecA unfoldedn 8 M urea ©). The excitation wavelength was
280 nm. The protein concentration was 2/ monomer (25Q:g/
mL).

measure of the impurity of the sample. The program
SEDNTERP 60) was used to model the hydrodynamic
properties of the SecA dimer from the value %, .

RESULTS

We have chosen to investigate the folding of SecA as a
model for the folding of large, multimeric proteins. SecA

munication, D. Yphantis). Prior to the experimental run, the was a likely candidate for these experiments because several

cells were aged and water blanks were obtairgS)l. After
the data were collected from the experimental run, the cells

investigators have refolded SecA for a variety of experiments
(48, 49, 5). Additionally, large quantities of the protein are

were cleaned and loaded with water, and another set of waterreasonably easy to purify. In addition, SecA possesses an
blank scans were taken at the two speeds. After comparisoninteresting in vivo role which involves several conformations

with the initial water blank to ensure that no major change
had occurred, the final water blank was subtracted from the
data to correct for systematic noise due to cell distortion.
The final equilibrium data were fit to specific models using
a nonlinear least-squares program, NONLB9)( Using the
program SEDNTERPE(Q), the dimer molecular weight (MW

= 203 800) and the partial specific volume v 0.7334)
were determined from the amino acid compositiéh)( and

the density of the buffero(= 0.99976) was determined using
the value of buffer constituents.

Analytical Ultracentrifugation Velocity Sedimentation
Double-sector 12 mm analytical ultracentrifuge cells with
sapphire windows were loaded with both buffer and native
SecA at 1.58 or 0.158 mg/mL, or refolded SecA at 1.78 or
0.178 mg/mL. The samples were centrifuged in a Beckman
XLI ultracentrifuge at 50 000 rpm at 28 in an ANG6OTi
rotor until SecA was sedimented to the bottom of the cell.
The progress of the sedimentation of the protein was
monitored by scanning the cell radially once per minute in
10 um increments using interference optics. The data were
analyzed using the program DCD#&2). From this program,
the weight average sedimentation coefficieist)(was
determined. Using the two protein concentrations, the
sedimentation constans{oy) for each protein was deter-
mined by extrapolating the values®fto zero concentration.

In addition, the program Svedberg3) was used to directly

fit the data and determine the sedimentation and diffusion
coefficients § and D) which were used to estimate the
molecular weight from the:D ratio. If several species are
present, the observdd obtained from the resulting wider
boundary would be larger than expected. This result would
indicate an apparently low molecular weight, thus giving a

that can be induced by the binding of ligand8,50. For
these reasons, we find SecA an intriguing protein for folding
studies.

In order for SecA to serve as a useful model for the folding
of large proteins, the SecA folding pathway must first be
characterized. The order in which the subunits and domains
interact as well as the stability of these interactions needs to
be determined. Also, the rate-limiting step in folding must
be resolved. Several experimental approaches were used to
elucidate the pathway.

The Unfolding of SecA Can Be Monitored by Tryptophan
Fluorescence and Circular DichroisnTo determine if a
difference in native and denatured SecA could be detected
using tryptophan fluorescence and circular dichroism (CD),
the spectra of both native and denatured SecA were
measured. Tryptophan fluorescence and CD are convenient
spectral probes for observing tertiary and secondary structure,
respectively, during folding. After excitation at 280 nm,
native SecA had an emission maximum of 342 nm (Figure
1). SecA denatureahi8 M urea had a fluorescence intensity
~65% that of native SecA and an emission maximum that

was shifted to 355 nm. This decrease in fluorescence intensity

and red shift indicated that one or more of the seven
tryptophans of SecA became more solvent-exposed during
unfolding ©4). The far-UV CD spectra for native SecA and
SecA n 8 M urea are shown (Figure 2). Native SecA had a
CD spectrum typical of am-helical protein, with double
minima at 209 and 222 nm. SecA B M urea had a CD
spectrum that showed virtually no secondary structure
present, indicating that significant unfolding had occurred.
SecA Foldgia a Dimeric IntermediateTo determine the
AG of stabilization for the SecA dimer, either native or
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FicurRe 2: CD spectra of native Sec/®] and SecA unfolded in 8
M urea ©). The protein concentration was 2¢M monomer (250

ug/mL).

denatured SecA was incubated in various concentrations of
urea until equilibrium was reached. Both tryptophan fluo-
rescence and circular dichroism (CD) at 222 nm were used
to monitor the fraction of unfolded SecA. The reactions were
reversible, although the transitions from the two techniques F
did not give coincident curves (Figure 3). A plateau was o2 i [ T L
observable by both methods between 2.9 &M urea. 0 2 4 6 8
Protein concentration dependence was only apparent at the Urea Concentration (M)

urea concentrations of the plateau, suggesting that the plateagicure 3: Equilibrium unfolding and refolding of SecA. In (A),
corresponded to a dimer to monomer transition. To confirm the transition was monitored by tryptophan fluorescence. The
the presence of a dimeric intermediate, Cross_"nking experi_ excitation WaVelength was 297 nm, and the emission Wavelength

: - was 340 nm. In (B), the transition was monitored using circular
ments were done at urea concentrations where the pUtatIVéC,iviChrOism. The measurements were taken at 222 nim a2 mm

dimeric intermediate was populated (Figure 4). Because of path length cuvette and a band-pass of 2 nm. Unfolding (open
the presence of urea, an amino-specific cross-linking reagentisymbols) and refolding (closed symbols) reactions are at the
could not be used. Therefore, we chose a cysteine-reactiveollowing concentrations of monomer: 2/M (@,0), 1.0 uM
cross-linker. There are 4 cysteines in SecA at positions 98, (.0), and 0.2%M (a,2). The lines shown are the simultaneous

: . fit of the data for each technique at all protein concentrations to
885, 887, and 89666, 66. Cross-linked dimers were present . " 0. N < I, = 2U using the program SAVUKA. The CD

in Sample§ of SecA incubated in 2.5, 3.5dah M urea, and fluorescence data at all concentrations were also globally fit
concentrations where the plateau was observed. There waso the same model, the results of which are shown in Table 1.

little cross-linked dimer when SecA was incubated in 8 M ‘

urea, which fully denatures it, indicating that the cross-linking , Sedmer L

was specific. There was also little cross-linkirtgDaM urea, efolding__unfolding ' _refolding | unfolding
which suggested that the cysteines were less accessiblUrealM 0253548 025354 8 0253548 025354 8
without urea present. In the absence of the cross-linker, some

disulfide-linked dimers were present, which confirmed the 0+ - JSimeric
results of our cross-linking experiment. Little higher order

cross-linking was observed on the gel which indicated that 16> Monomeric
the intermediate was unlikely to have more than two subunits. 774~ OSSP SSSEE GESESESeSW - |

Since the cross-linking experiments were consistent with FIGURE 4: Cross-linking of SecA by HBVS. Either native or

a dimeric intermediate in the folding pathway of SecA, the nfoided SecA (2.5(M monomer) was equilibrated in different
data were fit to the model N= |, <= 2U (eq 1) using the  concentrations of urea at 2@. SecA was further incubated for 30
program SAVUKA version 5.2 (Table 1). We also tried to min in the presence or absence of cross-linker (4. The protein

fit the data to the two-state model, N> 2U. These fits were ~ Was run on a 7.5% SDSpolyacrylamide gel. Monomeric SecA
poor (data not shown). Using the three-state fit, an overall ﬁgl e‘ituTallrorﬁ a';'g?n‘;":l‘('gsd;?;eigckﬁ’sggtggg at200 kDa. The
AG of —22.54 2.7 kcal mof?tindicates that SecA is stable. '

The mrvalues, which signify the change in the amount of transition was~0.5, which means that the intermediate in
solvent exposure from the native to the denatured sée ( the folding pathway of SecA contained approximately equal
were 4.1+ 0.8 and 1.5+ 0.2 kcal mot* M~ for the first amounts of nativelike and unfolded optical properties. The
and second transitions, respectively. These values suggestethrger error in theAG and m-values for the first transition
that the first transition from N— I, exposed a greater was likely due to the steep slope of the curve (higkialue).
amount of protein to the solvent than did the—+ 2U We also investigated the stability of SecA in buffer with
transition. TheZ-parameter is an expression of the extent 300 mM KAc, using equilibrium unfolding, to determine if
that the optical properties of the intermediate are like the salt altered the folding of SecA. No difference in stability
unfolded protein%4). TheZ-parameter of the SecA unfolding was seen (data not shown).

Fraction Unfolded




11672 Biochemistry, Vol. 39, No. 38, 2000 Doyle et al.

Table 1: Thermodynamic Parameters As Determined from Equilibrium Experiftnents

AG°Nan2 —MN2i2 AG® 212y —Mi2/2u
technique (kcal/mol) (kcal molFt M) (kcal/mol) (kcal molF*tM~1) Z-parameter
fluorescence 42+0.7 1.9+ 0.3 10.7£ 0.9 0.78+ 0.20 0.50+ 0.15
CD 10.9+ 5.0 5.3+ 2.5 141+ 1.6 15+ 04 0.45+ 0.09
global fit¢ 84+16 4.1+ 0.8 141+ 1.1 1.5+ 0.2 0.49+ 0.06

2 Data were fit to the apparent three-state mode}: <N I, < 2U.  Fluorescence and CD fits were performed concurrently at the following
concentrations: fluorescence at 0.25, 1, anduBmonomer and CD at 1 and 2:B\l monomer.© The above fluorescence and CD data were fit
simultaneously for the global fit.
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Ficure 5: Dependence of binding of a nonhydrolyzable fluorescent ATP analogue (TNP-ATP) on the urea concentration. The protein
concentration for both the unfoldin@ and refolding M) reactions was kM monomer. The concentration of TNP-ATP was alsoM.

The dotted line {- -) was the model fit from the equilibrium folding experiments monitored by CD @ilmonomer taken from Figure

3B.

The N-Terminal Domain Unfolds Prior to Subunit Dis- folding of SecA. The intrinsic fluorescence of tryptophans
sociation.To determine at what urea concentration the high- was used to follow the kinetic reactions. When native SecA
affinity ATP binding site in the N-terminal domain loses the was rapidly diluted with various concentrations of buffered
ability to bind ATP, equilibrium unfolding and refolding urea, there was a decrease in fluorescence due to unfolding
reactions were monitored using a fluorescent nonhydrolyz- which reached equilibrium with time (Figure 6A). The
able ATP analogue, TNP-ATP. This analogue is fluorescent unfolding kinetics fit well to a first-order single-exponential
when bound in a hydrophobic binding pocket and has little equation (eq 3), as shown by the residuals of the fit to the
fluorescence when exposed to solvent. Therefore, it providesdata (Figure 6A). These data were also fit with a first-order
a useful probe for disruption of the binding doma@8(69. equation with two exponents which provided no increase in
The concentration of TNP-ATP was held ai«M so that the accuracy of the fit. The unfolding kinetics appeared to
only the high-affinity ATP binding site in the amino-terminal have a small burst phase of about 10% of the total observable
domain would be occupied by the analogue. The dependencdluorescence change (data not shown). Thus, there may be a
of TNP-ATP binding on the urea concentration is shown in fast kinetic phase which cannot be resolved by this method.
Figure 5. The loss of fluorescence began immediately upon To initiate refolding, unfolded SecA was diluted with buffer
the addition of urea and continued untiB.5 M urea, with or buffer with various concentrations of urea. An increase
the majority of fluorescence lost prior to 2.5 M urea. The in fluorescence over time was observed (Figure 6B). The
decrease in fluorescence correlated well with the formation refolding kinetics had a large burst phase of 50% of the total
of the intermediate observed in the equilibrium curves observable fluorescence change (data not shown). As with
monitored by CD and tryptophan fluorescence, sin&&% the kinetic unfolding reactions, the refolding reactions appear
of the fluorescence was lost by 2.2 M urea where the dimeric to be monophasic and were well fit using a first-order single-
intermediate is stably populated. Thus, the N domain unfolds exponential equation. Again, when the data were fit to a first-
at lower urea concentrations than required for dissociation order equation with two exponents, there was no decrease
of the subunits. in the error of the fit nor was there any improvement in the

Domain Association Is the Rate-Limiting Step in the residuals, thus indicating that additional parameters were
Folding of SecAFrom the previous equilibrium experiments, unnecessary/(l). Since SecA is a dimer, it might be expected
we determined that dimeric SecA was a stable protein. This that refolding would require a second-order equation. These
stability should be accompanied by a relatively fast rate of reactions were tested to determine if they were second order
folding and slow rate of unfolding7Q). Kinetic unfolding by plotting the rate constant versus protein concentration.
and refolding reactions were done to further investigate the No protein concentration dependence in the rate constants
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FicurRe 7: Dependence of the unfolding (open symbols) and
refolding (closed symbols) relaxation times for SecA at concentra-
tions of 1uM (@,0), 0.6xM (B,0), and 0.25M (4,A) monomer.
Both unfolding and refolding kinetics were monitored using intrinsic
tryptophan fluorescence. The lines show a fit of the relaxation times
for both unfolding and refolding to eq 2.

Table 2: Kinetic Parameters for Unfolding and Refolding

70 (s) ¥ (kcal molrtM—1)
No— 1 33300+ 26600 —1.48+0.19
I,— Ny 37.90+ 2.64 0.31+ 0.02
a Fits of the urea dependence owere performed concurrently with

protein at the following concentrations: 0.25, 0.6, andM. monomer.

that the kinetics were not second order and did not require
two rates to be fit well. No urea-independent phase was
apparent, indicating that cigrans proline isomerization did

Time (sec)

Ficure 6: Kinetics of unfolding (A) and kinetics of refolding (B)

of SecA. Native or unfolded SecA was rapidly diluted by adding . .
buffer with various concentrations of urea. The final protein NOtoccur during folding of SecA. The value af(eq 5) for
concentrations were 25, 60, and 10§/mL (0.25, 0.6, and kM the transition state of SecA was 0.172, indicating that the

monomer). Shown here are representat_ive_ kinetic experiments attransition state between ;Nand L was more like the
ggé‘%mLéﬁ& at‘ﬂg é?n?‘ég{g‘nLvﬁbeTlgﬁg‘iﬁcxggog 4V6’ar‘l’r$1'e$%gh i‘;}"fgior intermediate than the native state with the exposure of large
panel shows the residuals between the experimental points and thdortions of hydrqphoblc sgrfacé’l). These data suggested
theoretical curve. that the rate-limiting step in the folding of SecA was from
the dimeric intermediate to the native dimer.
was observed, indicating the reactions were not second order SecA Refolds into a Dimef.o analyze the data as we
(data not shown). It is possible that dimer association occurshave, it was necessary to confirm that SecA refolded into a
so rapidly that it cannot be resolved using manual mixing dimer. Therefore, we used equilibrium and velocity sedi-
techniques. The scatter in the refolding curve, and residuals,mentation on both native and refolded SecA. The equilibrium
was presumably due to some aggregation. Because SecA onlgedimentation data for SecA were fit with both the ideal and
regains~80% of its intrinsic fluorescence during folding, a nonideal single species models. In addition, the data were
loss of protein, most likely due to aggregation, was indicated. fit to the following models: monomerdimer, monomer
Although the scatter was present in every refolding reaction, trimer, monomer-tetramer, monomerdimer—trimer, and
it was not systematic between reactions. Even repeatedmonomer-dimer—tetramer. From the ideal fit, th&average
experiments at the same urea and protein concentrations gavenolecular massM,) was determined (personal communica-
different residuals. Consequently, we believe it unlikely that tion, D. Yphantis). For native SecA, &, of approximately
additional exponents are necessary for fitting these data. 191 kDa was obtained, consistent with a dimer. An rms value
The apparent rate constants were dependent on the ureaf 1.36 x 102 fringes (compared with blank values ofx.
concentration (Figure 7). The data were fit using eq 4. The 1072 fringes) and little systematic error indicated a good fit
values for the relaxation time of the folding and unfolding to this model (data not shown). Other fits were not
reactions in the absence of urea, as well as the values forsignificantly different, and all fits indicated the dimer was
m¥, are consistent with SecA being a stable dimer (Table 2). the basic structure present. By fitting the equilibrium data
The error in ther,H-° is likely due to the largen® and long with the various self-association models as indicated above,
extrapolation® 0 M urea. No protein concentration depen- we determined that little or no association of SecA occurred
dence was observed for either the unfolding or the refolding beyond the dimer. Since no monomer was detectable once
reactions. This result was expected since the peak of theSecA reached equilibrium, the SecA dimer, in the absence
chevron plot occurs at a urea concentration which is similar of denaturant, was stable with any monomer concentration
to the midpoint of the M« I, transition in the fluorescence  being below that detectable by the optics of the instrument.
equilibrium curve. This is also consistent with the observation This indicates that th&y was less than 0.6M. The values
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for refolded SecA were similar to those described for the  The results of the equilibrium experiments indicated that
native SecA. SecA was a stable protein. As such, SecA should have
From velocity sedimentation, the sedimentation constants kinetics which reflect this stability, including a fast rate of
S0.w for both native and refolded SecA were determined to folding and a slow rate of unfolding’0). The slowz,"° of
be 8.65+ 0.08 and 9.3% 0.08 S, respectively, using the 33 300+ 26 600 s indicated that SecA was unlikely to unfold
program DCDT 62). When the raw data were fit using the from the native state. Tha"-° of 37.94 2.6 was slow as
program Svedberd6@), Sow values of 8.439+ 0.003 and compared to many small proteins such as monoméric
8.681+ 0.009 S for both the native and the refolded SecA repressor, barnase, and streptococcal ProteB6G74, 79.
respectively, were determined. In addition, the averaged MW However, many large multidomain proteins such as bacterial
was estimated to be 180 000. This approximate MW, luciferase, malate dehydrogenase, and UDP glucose dehy-
determined from thes:D ratio, was in fair agreement with  drogenasel2, 76 have much slower refolding kinetics than
that calculated from the amino acid composition for the SecA SecA, suggesting that SecA has fast folding kinetics for a
dimer (204 000) and indicated that the sample was reasonablyprotein of its size.
homogeneous. The SecA dimer was modeled by SEDNTERP The Folding of Large Proteins Is More Complex than a
using the determined value sk, both the sequence-based Two-State Systerithe model we have determined for SecA
(molecular) and the calculated values of MW, and the valuesis N, < |, < 2U, a three-state model with the native dimer,
of v and hydration. The model that best fit the data was a a dimeric intermediate, and the unfolded monomers. This
prolate ellipsoid shaped molecule with an axial ratio of 4.3: model is not uncommon for dimeric proteirzl( 77, but it
1. Our value compares with the value of 2:1 axial ratio may be too simplistic for a protein as large as SecA. The
determined by small-angle X-ray scatterirgg). burst phase in folding may indicate another intermediate
along the kinetic folding pathway. Alternatively, the burst
DISCUSSION phase may be the dimerization process occurring. One protein
The study of protein folding has been primarily limited which has a complex folding pathway with similarities to
to small, single-domain proteins with two-state transitions. SecA is creatine kinase€/§). Creatine kinase has a burst
Since many proteins in the cell have multiple subunits as phase intermediate, as well as an equilibrium intermediate.
well as multiple domains, those studies are not sufficient to A common feature between SecA and creatine kinase appears
explain the folding of all proteins. We have chosen to use to be that the slow step in folding is domain association in
the protein SecA as a model for the folding of large, the b— Ny transition. Also, in both proteins, dimer formation
multidomain, multimeric proteins because it is a dimer with occurs quickly during folding.

a monomer molecular weight of 102 0Q2PJ. Additionally, Aggregation is often a problem for large proteins due to
SecA has been shown to have at least two major functionaltheir slower folding and the fact they are too large to use
domains as well as several subdomaig, (49. chaperones. The most common type of chaperones in

The in Vitro Folding of SecA Is through a Three-State bacterial cells are the chaperonins GroEL/S, which are
Pathway.In previous studies, SecA was shown to reversibly members of the hsp60 and hspl0 family of heat shock
unfold and refold 83, 5J). Here, we conclude that the folding  proteins 79). The internal cavity of GroEL, where the folding
pathway of SecA contains a stable dimeric intermediate. This has been shown to take place, is only large enough for a
conclusion was reached because there is a significant plateayprotein of~60 kDa to enter&0). Therefore, a protein such
in the equilibrium folding experiments and concentration as SecA is too large to use GroEL as a chaperone. Although
dependence was only observed in the plateau region of theother studies have suggested that GroEL may bind to SecA
curves. Also, cross-linking studies indicated that SecA in vivo (81), in in vitro experiments using sucrose gradients
remained dimeric at urea concentrations where the interme-(data not shown), we have been unable to show any
diate was populated. Therefore, we fit the data to a three-interaction between native or unfolded SecA and GroEL.
state model including a dimeric intermediate; % |, < Since SecA rapidly forms a dimeric intermediate which is
2U. SecA was stable, with an overallG of —22.5 kcal/ quite stable, the mechanism of fast dimerization may aid
mol. The results of the equilibrium experiment measuring SecA and other multimeric proteins such as creatine kinase
the TNP-ATP fluorescence showed that the loss of fluores- (78) in avoiding the nonproductive pathway that leads to
cence corresponded with the formation of the dimeric aggregation.
intermediate in the Ne |, transition. Since the concentration The stability of SecA appears similar to that of other
of ATP analogue used for this experiment was low enough dimeric proteins, such ag. coli Trp repressor, creatine
to saturate only the high-affinity site located in the N-domain kinase, and bacterial luciferasg0( 21, 78. The stability of
of SecA @6), it was the unfolding of the N-terminal domain the average dimeric protein seems to be higher than that of
that resulted in the loss of binding of the TNP-ATP. The the average monomeric protein, indicating that subunit
Z-parameter, obtained from the equilibrium folding studies, subunit interaction can greatly increase the stability of a
indicates that the,lintermediate has optical properties of a protein, most likely due to the burial of hydrophobic surfaces
protein with 50% nativelike and 50% unfolded structure, (77). In the unfolding of SecA, thervalue for the N— I,
which is consistent with the proposed unfolding of the amino transition was greater than that of the second transition. One
terminus. The C-terminal portion of SecA contains the might expect that subunit dissociation would cause a greater
putative dimerization regior8g), and, therefore, our conclu- amount of hydrophobic surface to be exposed to solvent than
sion that the intermediate is a dimer is reasonable. The kineticin domain unfolding, as has been shown for the folding of
data are also consistent with the formation of a dimeric organophosphorus hydrolasé7). Possibly the amount of
intermediate as an essential step in the folding of functional buried surface area at the subunit interface in SecA is not as
SecA. great as for organophosphorus hydrolase, and domain
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unfolding actually does expose more surface area to the 9.
solvent. The fact that there is a 50% loss in both secondary

and tertiary structure, as indicated by @@arameter from

the equilibrium experiments, suggested that a large portion ;;

of SecA unfolded during the N— |, transition. This could

cause a large exposure of surface area to solvent and may12.

explain the seeming discrepancy in thevalues. Also, SecA

is a large protein, and the dimerization region is small

compared to the full-length proteir8%). Thus, this result
might be expected for the folding of SecA.

The Role of SecA in Md. From earlier studies, SecA was

shown to have two folding domaingt§&—51), and each

domain appears to have multiple functional roles. The amino-
terminal domain contains the high-affinity nucleotide binding
site 26, 27) and the putative precursor protein binding site
(82), and appears to insert through the membrane to the
periplasm 87, 42, 45. The carboxy-terminal domain con-

tains the low-affinity nucleotide binding sit§, 27, the
SecB @4) and SecY binding sites36, 37, the anionic
phospholipid binding region3@), and the putative dimer-

ization region 85), and also spans the membrane to expose

itself to the periplasm37, 42, 43, 45 SecA has been

proposed to undergo some form of unfolding event, most
likely into a molten globule-like form, in order to insert itself

into the inner membrane4). The mechanism by which

SecA undergoes this unfolding event is not clear. Previous
studies have indicated that the extreme C-terminus is unstable o4
and unfolds at low guanidine hydrochloride concentrations
(51). The complete unfolding of the carboxy terminus is
unlikely due to the recent finding that the SecB binding site

on SecA is stabilized by a Zhion (39). Our study indicates

that the N-terminal domain unfolds prior to subunit dissocia-
tion, suggesting that the interactions that stabilize the N
domain are weak when compared to those of the subunit
interface. Thus, what may actually occur in vivo is that both
domains partially unfold and change conformation, thereby
allowing each to insert into the membrane even while SecA

remains a dimer.
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