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ABSTRACT. The bacterial homologues of the signal recognition particle (SRP) and its receptor, éhé&8Sfh

RNA ribonucleoprotein complex and the FtsY protein, respectively, form a uniqgue complex in which
both Ffh and FtsY act as GTPase activating proteins for one another, resulting in the mutual stimulation
of GTP hydrolysis by both proteins. Previous work showed that 4.5S RNA enhances the GTPase activity
in the presence of both Ffh and FtsY, but it was not clear how this was accomplished. In this work,
kinetic and thermodynamic analyses of the GTPase reactions of Ffh and FtsY have provided insights into
the role of 4.5S RNA in the GTPase cycles of Ffh and FtsY. We found that 4.5S RNA accelerates the
association between Ffh and FtsY 400-fold in their GTP-bound form, analogous to its 200-fold catalytic
effect on FfRFtsY association previously observed with the GppNHp-bound form [Peluso, P., et al. (2000)
Science 2881640-1643]. Further, Ffi-FtsY association is rate-limiting for the observed GTPase reaction
with subsaturating Ffh and FtsY, thereby accounting for the apparent stimulatory effect of 4.5S RNA on
the GTPase activity observed previously. An additional step, GTP hydrolysis from téfet$fhcomplex,

is also moderately facilitated by 4.5S RNA. These results suggest that 4.5S RNA modulates the
conformation of the F§FtsY complex and may, in turn, regulate its GTPase activity during the SRP
functional cycle.

The signal recognition particle (SRRs the major cellular bacterial homologues of the SRP54 protein and SRP RNA,
machinery that mediates cotranslational targeting of secretoryFfh and 4.5S RNA (“R”), comprise a minimal bacterial SRP
and membrane proteins to the endoplasmic reticulum (ER)that can target ribosomgascent chain complexes to the
membrane in eukaryotic cells or to the plasma membrane inplasma membrane via interaction with FtsY, the bacterial
bacteria {). SRP recognizes nascent polypeptide chains thathomologue of the SRP receptor. Thus, theeRfltomplex
bear N-terminal signal sequences as they emerge from theand FtsY provide a simplified, biochemically accessible
ribosome ). The complex of ribosome, nascent chain, and system that allows an in-depth mechanistic investigation of
SRP is then targeted to the ER or bacterial plasma membranehe core features of the targeting process (€.910—13).
via interaction of SRP with the SRP recept8f 4). Upon GTP plays a crucial role in the SRP-mediated targeting
this interaction, the ribosomeascent chain complex is process 1, 14). Both Ffh and FtsY (and their mammalian
released from SRP and transferred to the translocationhomologues) contain GTPase domains that can bind and
machinery, where the protein is either integrated into the hydrolyze GTP {5-17). Although SRP54 lacking its
membrane or translocated across the membrane to enter, iisTPase domain can interact with ribosemescent chain
eukaryotic cells, into the secretory pathway or, in bacteria, complexes, it is unable to target nascent chains to the
into the periplasmic spacé)( membraneX8). Additional biochemical studies showed that

Targeting by the SRP pathway is evolutionarily conserved the interaction of Ffh with FtsY requires GTP to be bound
(1 and references therein). Mammalian SRP is a cytosolic {0 Poth proteins 19, 20). Upon formation of the FéFtsY
ribonucleoprotein complex that consists of six polypeptides €omplex, both proteins stimulate the GTPase activity of one
and a 7S SRP RNA molecule. The functional core of SRP another £0). Finally, hydrolysis of GTP from the Féf¥tsY

is the SRP54 protein in complex with the SRP RNA, which
P P 1 Abbreviations: SRP, signal recognition particle; Ffh and FtsY,

recogmzes the signal sequence, interacts with the receF)torbacterial homologues of the SRP54 protein and the SRP receptor,

and binds and hydrolyzes GTP (see beldv;9). The respectively; R, SRP 4.5S RNA; R, complex of Ffh with 4.5S RNA,

which comprises a minimal bacterial SRP; #ftsY, complex between

Ffh and FtsY without specifying the nucleotide (GTP, GDP, or
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complex is required for dissociation of the complex, allowing on the GTPase activity in the presence of Ffh and FtsY?

the SRP components to be recycled,(22). Are there additional steps in the reaction pathway that are
The GTPase domains of Ffh and FtsY define them as affected by 4.5S RNA? More fundamentally, interpretation
members of a unique subfamily of G proteid${17). Both of an observed effect of 4.5S RNA relies on knowledge of

proteins contain a central GTPase domain that sharesthe process that is followed under the particular experimental
homology with other members of the G protein family such condition and the rate-limiting step for that process. For
as Ras and EF-Tu. An N-terminal helical domain together instance, with subsaturating proteins the reactttfh +
with this GTPase domain forms a structural and functional FtsY*¢™ — products is monitored; under these conditions,
unit, called collectively the NG-domain, that is unique for formation of the protein complex, a conformational change
this subfamily of G proteinsl, 17). In addition to the NG-  within the complex, or the chemical step of GTP hydrolysis
domain which is conserved between Ffh and FtsY, eachcould be rate-limiting. In contrast, the use of saturating
protein possesses a specialized domain that enables it tgrotein concentrations allows the reactioiFfheFtsY:¢TP
mediate protein targeting. FtsY has an acidic pre-N-domain, — products to be followed, so that complex formation is no
or A-domain, which enables FtsY to interact with the longer rate-limiting. Finally, the observed GTPase rate could
membraneZ3). Potentially, interaction of this A-domain with  also be limited by product dissociation in multiple turnover
phospholipid membranes and possibly with the translocation reactions.

machinery could modulate the GTPase activity of Ft&¥, ( To address these issues, we have measured the microscopic
25). On the other hand, Ffh possesses a unique C-terminalrate and equilibrium constants for the GTPase cycles of Ffh
methionine-rich domain, or M-domain, which contains the gnd FtsY and determined the effect of 4.5S RNA on
binding pocket for signal sequences, (9, 26, 27). A individual reaction steps. We show herein that 4.5S RNA
positively charged helix-turn-helix motif in the M-domain  enhances the rate of FtsY complex formation with GTP
also provides the binding site for the SRP RN& 9, 27, bound to both proteins. Further, kinetic analyses of the
28). Communications between the M- and NG-domain GTpase cycles indicate that formation of the «#FfisY
presumably occur during the targeting pathway to allow the complex is the rate-limiting step for the observed GTPase
cycle of signal sequence binding/release and the cycle ofreaction with subsaturating protein, thus accounting for the
GTP binding/hydrolysis to be coupled to one another. apparent effect of 4.5S RNA in stimulating the GTPase
While early biochemical studies identified specific func- reaction observed previously. 4.5S RNA also has a modest
tional roles for the different protein subunitsgnd references  effect on an additional step, the rate of GTP hydrolysis once
therein), the SRP RNA appeared to be nothing more than athe complex is formed, suggesting that the RNA favors a

scaffold that holds these proteins together in a com@#6k ( conformation of the FfsFtsY complex that is more condu-
The identification of 4.5S RNA, a smaller SRP RNA in  cjve to GTP hydrolysis.

Escherichia colithat binds only a single protein, was
therefore intriguing. This smaller RNA contains the most MATERIALS AND METHODS
phyllogenetically conserved region of the SRP RNA, domain
IV, which is likely to have been maintained for functional ~ Buffers.The following buffers are used in the experiments
purposes 30, 31). Moreover, chemical probing studies described herein: buffer A (20 mM potassium HEPES, pH
showed that many of the bases in domain IV are highly 8.0, 2 mM sodium EDTA, 2 mM dithiothreitol), buffer B
solvent accessible even in the presence of Ffh, suggesting®0 mM Tris-HCI, pH 7.5, 1 mM disodium EDTA, 2 mM
that this domain might be used to interact with another dithiothreitol), buffer C (20 mM potassium acetate, pH 4.7),
component of the targeting pathwa3Zj. buffer D (20 mM potassium PIPES, 500 mM potassium
The role for 4.5S RNA has since been the subject of much acetate, 1 mM magnesium acetate, pH 6.8), and buffer E
investigation and discussion. Initially, 4.5S RNA was thought (50 mM potassium HEPES, 150 mM potassium acetate, 1.5
to be required for the formation of the FfESY Comp|ex mM magnesium acetate, 0.01% Nikkol, 2 mM dithiothreitol,
(e.g.,20, 33). However, studies of thelycoplasma mycoides ~ PH 7.5).
SRP components suggested that the SRP RNA was not Ffh Expression and Purificatior-fh was overexpressed
essential for the formation of the FlftsY complex and  from the pDMF6 plasmid in BL21(DE3)-pLysE cells (Strat-
subsequent stimulated GTP hydrolysis, although the GTPaseagene). Cells were grown to a densityAsf, = 0.5-0.7, at
activity of the FfhFtsY complex was suboptimal in the which point IPTG was added to a final concentration of 1
absence of the RNA34). Recently, kinetic studies of the mM. About 3-5 h after induction, cells expressing Ffh were
FfheFtsY interaction using the GTP analogue, GppNHp, have harvested, resuspended in buffer A containing 250 mM NaCl
demonstrated a novel catalytic role for the 4.5S RNA in the and 200uM PMSF, and lysed by sonication. Supernatant
formation of the FflaFtsY complex. These experiments from the cell lysate was loaded onto an SP-Sepharose fast-
showed that 4.5S RNA accelerates both the association andlow column, washed with 10 column volumes of buffer A
dissociation rate constants of Ffh and FtsY by 200-fold, containing 250 mM NaCl, and eluted in buffer A with a
without affecting their equilibrium affinity 35). These 250-750 mM NacCl gradient. The Ffh-containing fractions
observations suggest that Ffh and/or FtsY undergo intricatewere pooled and precipitated with 80% ammonium sulfate
conformational rearrangements during complex formation and dialyzed against buffer A containing 250 mM NaCl.
and that 4.5S RNA may facilitate these changes. Following a high-speed centrifugation to remove insoluble
These previous findings indicate that 4.5S RNA plays a matter, Ffh was further purified over a Superose-12 column
crucial role in the SRP-mediated targeting process and raisesn buffer A containing 250 mM NacCl. The Ffh-containing
additional questions. How does the ability of 4.5S RNA to fractions were pooled and concentrated using Centriprep YM-
facilitate complex formation relate to its stimulatory effect 30 (Amicon) following the manufacturer’s instructions.
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Purified Ffh was stored at20 °C in buffer A containing and the reaction time courses fit well to eq 1, in which Frac-
250 mM NacCl and 50% glycerol. The concentration of Ffh (S is the fraction of GTP* at each time poiatjs the fraction
was determined by Bradford assays using an extinction

coefficient of 1.0\ses = 4.8 uM Ffh, derived from quantita- Frac®) = (a — b) exp(—kysd) + b 1)
tive amino acid analysis.

FtsY Expression and PurificatioA truncation mutant of
FtsY, FtsY(47-497), was used in this study. The cloning,
expression, and purification of this protein have previously
been described2@). One additional purification step was
added in the present study. As a final step in the purification,
FtsY was loaded onto a MonoQ column (Pharmacia), washed
with buffer B containing 150 mM NaCl, and eluted with
buffer B over a gradient of 156450 mM NacCl. Purified
FtsY was stored at-80 °C in buffer B containing 250 mM
NaCl and 20% glycerol. The concentration of FtsY was
determined from Bradford assays using an extinction coef-
ficient of 0.063sgs = 1 ug/mL FtsY, derived from quantita-
tive amino acid analysis.

4.5S RNA Expression and PurificatioH5a cells
containing the pSN1 plasmi®§) were grown to saturation
in LB containing ampicillin (10Q:g/mL) and IPTG (1 mM).
Cells were harvested, resuspended in buffer C, and extracte
three times with an equal volume of acid phenol:chloroform
(Ambion). The RNA was then precipitated by addition of _ okt
0.1 vol 3 M sodium acetate (pH 5.0) and 68.0 vol [GTP] hydrolyzea= (1 — & ™) + k] 2)
2-propanol at-20 °C overnight. The precipitated RNA was

harvested by centrifugation at 10 @)@nd the pellet was  giate reaction rate during subsequent turnovers. The value
resuspended in water. At this stage, the only major contami- ¢ o \vas fixed at 40uM, twice the concentration of the

nant was tRNA present in similar amounts relative 10 4.5S sy complex available during this experiment, because

RNA; this contaminant was removed by gel filtration with .0 GTps are hydrolyzed from the RFtsY complex during
a TSK3000SW column in buffer D. The 4.5S RNA fractions  ¢ach turnover. The values &f were fixed at 5-, 10-, and

were pooled and extracted twice with phenol/chloroform, 54 ¢4 relative to that ok, in the fits shown in Figure 8.

precipitated in ethanol, and stored as ethanol precipitates aigjm;jar results were obtained from the simulation of the time
—20°C. The concentration of 4.5S RNA was determined ¢ rqe of this reaction, in which we varied the relative values
f_ro_m the absorbance at 260 nm, using an extinction coef- ¢ ki andk, but fixed all of the other rate and equilibrium
ficient of 1.08260 = 40 ug/mL (37). constants for GTP binding to Ffh and FtsY and for Ffh
Buffer Exchange of Ffh and FtsXll the functional assays  FtsY association that have been determined independently
described herein were carried out in buffer E unless otherwise(not shown; Berkeley Madonna v8.0)
specified. Ffh and FtsY were exchanged into buffer E using  Determination of GTP and GDP AffinitieThe affinity
Bio-Gel P-6 DG spin columns (BioRad) following the of Ffh and FtsY for GTP can be determined from the
manufacturer’s instructions. Prior to functional assays, buffer- dependence of the observed reaction rate on protein con-
exchanged protein samples were centrifuged at 309 800  centration according to eq 3. In this equatit@sq is the

a TLA100 rotor fa 1 h toremove potential aggregates, and observed rate constant at a particular protein concentration,
the concentrations of the resulting protein solutions were
determined using the Bradford assay as described above. [Ffh]

of GTP* at the beginning of the reactioh,is the fraction

of GTP* at the reaction plateau {= ), andkgpsq is the
observed rate constant of the reaction. The slow reactions
were typically linear for up to 24 h, and the reaction time
courses were fit to eq 1 assuming an endpoinb &f 0.1,

the endpoint usually observed in reactions that can be
followed to completion.

The GTPase rate in the presence of both Ffh and FtsY
needed to be measured by multiple turnover reactions, as
described in the text. For these reactions, an excess of GTP
doped with trace amounts of GTP* was used. The initial
linear portion of the time course, in which15% of GTP
has reacted, was fit to eq 1 assuming an endpoiri of

To know what situations could give rise to a burst phase

in the multiple turnover reaction shown in Figure 8, the time
ourse of this reaction was also fit to eq 2, in whicls the
mount of GTP hydrolyzed during each turnovarjs the

reaction rate during the first turnover, akgis the steady-

General Kinetic Analysis for the GTPase ReactiGT- Kobsa ™ Kimax > Ky, + [Ffh]
Pase reactions were performed at’25usinga-3?P-GTP or
y-32P-GTP (GTP*) in buffer E. Reactions were initiated by [FtsY]
addition of GTP. At specified times, an aliquot was removed Or Kopsa= Kmax X (3)
Ky, + [FtsY]

from the reaction mixture and quenched in 0.75 M potassium

phosphate, pH 3.3. Reaction substrates and products werg . is the maximal rate constant with saturating protein, and
separated by thin-layer chromatography (TLC; PEI Cellulose k,, is the protein concentration that provides half the
F). Fora-*P-GTP, 0.75 M potassium phosphate (pH 3.3) maximal rate. Because the chemical step is rate-limiting for
was Used; fOW'SZP'GTP, 1 M lithium chloride/0.3 M sodium the basa' GTPase reactions (See Resu{;%)(‘ is equa| to
phosphate (pH 3.8) was used. The developed TLC platesthe rate constant for the reaction of tF&*Ffh or FtsYCT
were quantified using a Molecular Imager System GS-363 complex, andKy, is equal to the dissociation constant of
(BioRad) or a Molecular Dynamics Storm 840. GTP for Ffh or FtsY.

The basal GTPase activities of Ffh and FtsY were The affinity of GDP for Ffh was determined by inhibition
measured in single turnover reactions, with trace amountsmethods (eq 4). The observed rate constant of the reaction
of GTP* (<0.1 nM) and excess proteir= (0 nM). These Ffh + GTP* — products kons9 Was determined at varying
reactions can typically be followed t890% completion, GDP concentrations, and the [GDP]-dependence was fit to
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eq 4b, derived from the model of eq 4a. In eq 4pis the
rate of the reaction in the absence of GDP, &ads the
inhibition constant of GDP. With subsaturating F, is
equal to the equilibrium dissociation constant of GDP.

k
Fth + GTP* —Z» products

K, || +GDP

(4a)
GDPpe

K.

1
Kobsa= Ko % [GDP] T K, (4b)
Determination of the Rate Constant for FfRtsY As-
sociation. Ffh—FtsY association was monitored using a
fluorescence assay described previousB; 85). All experi-
ments were performed in a Kintec stopped-flow apparatus
at 25°C in buffer E. Reactions were initiated by rapidly
mixing the proteins with 1 mM GTéMg?", and the time
course for the change in tryptophan fluorescence of FtsY

Biochemistry, Vol. 40, No. 50, 200115227

FtsY]
GDP + Pj GDP + Pj
K3 K3’

L 4
ks k'

[GTP'thtR] + [Ftsy’GTPJ

-

GTPEfhiReFtsY*C T

lk5

[6oPPremeRoFisy

k

[ FinsA]

GTP

-GDP-Pi]

N J

was monitored to obtain the observed rate constants atFIGURE 1: Reaction scheme for the GTPase cycles of Ffh and FtsY.

varying Ffh concentration¥4,sg. The [Ffh]-dependence of
kobsa Values was fit to eq 5, in whicky is the rate constant
for association of°™Ffh with FtsYCT?, k_, is the rate
constant for dissociation of the"™™FfheFtsY*¢™P complex,
andks is the rate constant for hydrolysis of GTP from the
complex, as formation of the°™FfheFtsY:CPP leads to the
loss of fluorescence (see Figure 1 below).
bsa= KalFfh] + k4 + kg ®)
Determination of the Rate Constant for Disassembly of
the CTPFfheFtsYC™P Complex.The apparent disassembly of
the GTPFfheFtsY*¢™ complex was monitored from the

disappearance of the fluorescence signal from this complex
and was carried out in a Kintec stopped-flow apparatus at
25°C. The rate constant of this process was determined by

a pulse-chase experiment depicted in eq3&x The complex
between Ffh and FtsY is first formed in the presence of GTP
duringt;. At varying timest,, a 50-fold excess of GBRIg?"

is then added to trap any protein that has dissociated. The

time course of the reaction durirtg was fit to eq 6b, in
which Fgpsq is the observed fluorescence at a given time
duringt,, Fois the fluorescence before the addition of chase,
Fiw is the fluorescence level at the plateau, &ngyis the
observed rate constant for disassembly of the complex.

GTP'th F[SY.GTP
(6a)
t DP*Mg>* (chase)
t
Fobsa= (Fo = Fiw) €XP(Kopsd) + Fro  (6b)

Determination of the Rate Constant for GTP Hydrolysis
from the ComplexThe rate constant for GTP hydrolysis was
determined in multiple turnover reactions in the presence of
a small fixed amount of Ffh and varying concentrations of

Each enzymatic species (Ffh, FtsY, or the dFisY complex) is
highlighted by the circles, with superscripts depicting the nucleotide
cofactor bound to the protein antR denoting the presence or
absence of 4.5S RNA. The triangular cycles on the top left and
right depict the basal GTPase cycles of Ffh and FtsY, respectively,
with K; andK;' denoting the GTP dissociation constarksand

ko' denoting the rate of GTP hydrolysis, akd andK3' denoting

the GDP dissociation constants for Ffh and FtsY, respectively.
Formation of the complex betweefi™Ffh and FtsYCTP is
characterized by the association rate condaand the dissociation
rate constank_4. The two bound GTPs are hydrolyzed from the
CTREfheFtsY*CTP complex, which is represented collectively by a
rate constarks.?2 TheP*CPPFfheFtsY*CPPP complex then dissociates
with a rate constarke.

of the observed rate constant was fit to eq 2 described above.
Unlike the situation in the basal GTPase reactions, dissocia-
tion of the ™™ FfheFtsY*¢TP complex is slower than hydroly-
sis of GTP from this complex, as described in the Results.
Therefore, they,; value obtained is most likely larger than
the equilibrium dissociation constant of the complex. On the
other hand, the maximal rate constat,, is equal to the
rate constant for GTP hydrolysis from the complex because
product release is most likely not rate-limiting (see Results).
This rate constant could still be limited by a conformational
change prior to GTP hydrolysis or by the actual chemical
step.

RESULTS

Figure 1 depicts the individual microscopic steps in the
GTPase reaction cycle of Ffh and FtsY that could potentially
be affected by 4.5S RNA. Each of these proteins can bind
and hydrolyze GTP without forming a higher-order complex
(steps 13 for Ffh and 1—3 for FtsY). Ffh and FtsY, in
their GTP-bound forms3™Ffh and FtsYCP, respectively),
associate with one another to form tR€*FfheFtsY-CTP
complex (step 4). GTP is then hydrolyzed by both proteins
to yield the ®P*PFfheFtsY*PPR complex (step 5%,which
then dissociates into the individual protein components (step
6). For simplicity, an alternative pathway for product

FtsY, as described in the Results. The [FtsY]-dependencedissociation, in which GDP and/or; first dissociates from
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the individual proteins followed by dissociation of the
FfheFtsY complex, is not depicted. This simplification does
not affect the conclusions from this study, because product
dissociation is most likely not rate-limiting (see below).

We have determined the rate and equilibrium constants
for these individual steps in the presence and absence of 4.5S
RNA (depicted by the symboi:R). An NH,-terminally
truncated version of FtsY (residues 47-497) was used in this
study. This truncated protein can interact with Ffh and bind
and hydrolyze GTP in manners analogous to those of the
full-length FtsY @4; see results below and Shan, S.,
unpublished results). However, the higher solubility of this
truncated protein allowed us to vary the FtsY concentration
over a wider range than is possible with full-length FtsY.

We first show that the RNA has no effect on the basal
GTPase cycles of Ffh and FtsY. An effect of 4.5S RNA on
formation of the*™™FfheFtsY*C™” complex is then described.
The next section presents results that strongly suggest that
GTP hydrolysis from th&€T™FfheFtsY*¢™" complex is faster
than dissociation of this complex; these experiments also
show that the 4.5S RNA has an additional effect on the rate
of GTP hydrolysis once the complex is formed. Finally, we
describe experiments that strongly suggest that product
dissociation is not rate-limiting for the GTPase reaction of
the GTPFfheFtsY*CTP complex, so that the observed effects 100 200
of 4.5S RNA are unlikely to be exerted on these steps. t (min)

4.5S RNA Does Not Affect the Basal GTPaseuhtgtdf
Ffh. We first asked whether 4.5S RNA affects the GTP IF'GUSE 23| gjrngéiéurglcce)\éeorf?:S%ﬁag:dfcl):rt&)c#[%eai?legi?oag)cl)lr(‘)vc\)/f the

T : H oW Dasal
affinity and/or hydrolysis rate of Ffh (Figure 1, stepsd). ... the extent of a GTPase reaction, as describedyin Materials and
To determine more accurately the low basal GTPase activity \ethods. A single turnover reaction pf22P-GTP in the presence
and to avoid complications from rate-limiting product of 10uM FtsY is shown(B) The time course of the reaction shown
dissociation, single turnover experiments were performed in in part A follows a single-exponential function. The data are fit to
which the reaction can be followed to completion (Figure g? ;gsfel(“ﬂgtemri'gﬁ ﬁﬂdtme;rl)%%srzcaengfgp;\:gtg%ogsﬁgﬁs(jr?;ﬁ/gi%nisstam
2). The observed _rate constants were plotted as a funct'cmbelow our detection limit over the time scale of this experiment
of the concentration of Ffh or FR® (Figure 3A). The (<1075 min-Y).
concentration dependences are the same, within error, in the
presence and absence of the 4.5S RNA (open vs closedinding to Ffh (5x 10° M~ts1vs 0.9x 1 M~1s7%; 11),
symbols), indicating that the RNA has no effect on the basal and (ii) the maximal rate constant for GTP hydroly$igax
GTPase activity of Ffh. is 5 x 10%fold slower than the rate of GTP dissociation from

Analysis of these concentration dependences gave maximaFfh (1.5x 103 st vs 7.6 s%; 11). ThereforeKy, is equal
rate constantsay of 0.093 and 0.092 mirt andK, values to K, the equilibrium dissociation constant of GTP from
(the concentration of Ffh or FéR that provides the half-  Ffh or FfleR, andkmax is equal tok,, the rate constant for
maximal rate) of 0.31 and 0.30M in the presence and hydrolysis of GTP from thé™™Ffh complex (Figure 1).
absence of 4.5S RNA, respectively. The following strongly These rate and equilibrium constants are summarized in
suggest that the chemical step, rather than GTP binding, isTable 1.

P;

GTP

1l

time

08 ¢

06t

%S

04 F

0 L L I
300 400 500

rate-limiting for the basal GTPase reactions of Ffh: (i) the
second-order rate contant for the reaction GHP¥Ffh (or
FfheR) — products is 18fold slower than the rate of GTP

2 Step 5 represents the hydrolysis of two GTP molecules from the
CTREfheFtsY*CTP complex, and this step is denoted collectively with a
rate constantks. Studies using an XTP-specific mutant of FtsY,
FtsYD449N, have shown that the maximal rate of GTP and XTP
hydrolysis is similar with the Ffh/FtsYD449N combinatiobQ§. This

suggests that the two GTPs are hydrolyzed with the same apparen

rates, one from each protein within the complex. It is possible that
each protein hydrolyzes a GTP with the rate consksi2 within the
complex; alternativelyks may represent a rate-limiting conformational
change of the complex prior to fast hydrolysis of both GTPs.

84.5S RNA binds to Ffh with a dissociation constant of 5 nil (
To ensure that all of the Ffh molecules are in the RNA-bound form in
experiments that measure the rates or equilibrium for reactions €RFfh
at least 100 nM 4.5S RNA was used for Ffh concentrations below 100
nM, and a 2-fold excess of 4.5S RNA was used for Ffh concentrations
above 100 nM.

An analogous experiment was performed for the basal
GTPase reactions of FtsY (Figure 3B). Analysis of the FtsY
concentration dependence gavik;a value of 14uM and a
maximal rate constant of 0.012 mihwith saturating FtsY.

As with Ffh, the slow basal GTPase rate and the weak GTP
affinity of FtsY strongly suggest that the chemical step is
rate-limiting, so thatk,,, represents the GTP dissociation
constant of FtsYK,' ) andkmax is the rate constant for GTP

iydrolysis from the Fts*¥™ complex &' ).

To obtain additional evidence that 4.5S RNA does not
affect the nucleotide affinity of Ffh, the affinity of GDP for
Ffh (Figure 1,Ks3) was determined in the presence and
absence of RNA using GDP as an inhibitor of the reaction
Ffh + GTP*— products (Figure 4). The inhibition constant
of GDP is the same, within error, with or without 4.5S RNA
bound to Ffh (Figure 4, open and closed symbols; Table 1),
indicating that 4.5S RNA does not affect the GDP affinity
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Ficure 3: Basal GTPase reactions of Ffh and FtsY and the effect
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Ficure 4: 4.5S RNA has no effect on the affinity of GDP for Ffh.
The observed rate constant for the reaction GFH*fh — products
([Ffh] = 0.05uM) was determined at varying GDP concentrations
in the presence®) and absenceX) of 4.5S RNA. The observed
rate constants are normalized such thgt, = 1 in the absence of
added GDP. The [GDP]-dependences are fit to eq 4, as described
in Materials and Methods, and give inhibition constantKpf=

0.32 and 0.2QuM in the presence and absence of 4.5S RNA,
respectively.

0 1
0 500

4.5S RNA Accelerates the Association between Ffh and
FtsY in Their GTPBound Forms.In previous work, we
demonstrated that 4.5S RNA accelerates the association
between Ffh and FtsY36). In this earlier work, the FiéFtsY
complex was trapped using the nonhydrolyzable GTP
analogue GppNHp, and complex formation was monitored
using a fluorescence assay that follows the increase in the

intrinsic tryptophan fluorescence of FtsY upon association

RNA, determined as in Figure 2. These concentration dependencedvith Ffh (12, 35). To know whether the stimulatory effect
are fit to eq 3 (see Materials and Methods) and give maximal rate of 4.5S RNA occurred with the GTP-bound form of the

constants 0kmax = 0.92 and 0.93 mint and Ky, values of 0.31

proteins, we used this fluorescence assay to determine the

and 0.3QuM in the presence and absence of 4.5S RNA, respectively. rate constant for association 8% Ffh with EtsY¢™ in the

(B) [FtsY]-dependence of the observed rate constant for GTP
hydrolysis. The concentration dependence is fit to eq 3 (see

presence and absence of 4.5S RNA.

Materials and Methods) and gives a maximal rate constant of 0.012 4.5S RNA increases the rate constant for association of

min~—t and aK,;, value of 14uM.

Table 1: Summary of Rate and Equilibrium Constants for the
GTPase Cycle of Ffh and Ft8Y

rate or equilibrium

constant —4.5S RNA +4.5S RNA
K1 0.30+ 0.05uM 0.31+ 0.05uM
ko 0.0934 0.002 mirrt 0.0924 0.002 mirrt
Kz 0.20+ 0.10uM 0.32+ 0.08uM
Ky 14+ 2uM n.ac
ko' 0.0124 0.002 mirrt n.as
Ks3' 26+ 2uM n.at
Ka 5.6(0.3)x 1°M1s! 1.8(+0.1) x 1P M~1s?t
k-4 1.2@0.1) x 10°5s®  3.30.6)x 103s ¥
ks 0.12+0.01s? 0.714+0.03 s?
ks >0.12su >0.71su

aThe rate and equilibrium constants are defined in Figufe/hlues
of k-, were determined with GppNH[39). It is possible that the values
with GTP are different, as there is a 10-fold faster association rate
constant between Ffh and Ftsk)X with GTP than with GppNHp as
the bound nucleotidé.n.a., not applicable as FtsY does not measurably
interact with 4.5S RNAY Only lower limits can be estimated for the
values of ks, because product dissociation has not been directly
measured and because these steps are most likely fastekst(see
text).

of Ffh either. The results in this section provide strong

Ffh with FtsY in their GTP-bound forms by 400-fold, from
56x 1M 1s1to 1.8 x 10° M~! st (Figure 5; Figure
1, ks). This effect is similar to the 200-fold acceleration of
Ffh—FtsY association by 4.5S RNA with GppNHp bound
to the proteins ¥5). Interestingly, these association rate
constants are-10-fold faster with GTP than with GppNHp
both in the presence and absence of RNA, indicating that
formation of the FflaFtsY complex is sensitive to the
chemical nature of the bridging atom between fheand
y-phosphate.

GTP Hydrolysis fromCT™™FfheFtsY¥C™P |s Faster than
Dissociation of the CompleRreviously, we have found that
4.5S RNA also accelerates dissociation of theeFfaY
complex in the GppNHp-bound forn3%). To ask whether

4There is substantial evidence that the fluorescence change of FtsY
in the presence of Ffh and GTP (or GppNHp) arises from-fAtsY
association, not from GTP binding to FtsY in the presence of Ffh. First,
in the absence of Ffh, GTP does not produce the large fluorescence
change in FtsY as observed in the presence of Efrafd results not
shown). Second, the high concentration of GTP used in the experiment
of Figure 5 (1 mM) ensures that GTP binds to FtsY much faster than

the observed rate of Ffh-FtsY associatiofj{,,= 800 s vs k"

n,app
<14 s KR = ka© x [GTP]; Koro = Kot x [Ffh]). Finally,
experiments in which GTP is prebound to FtsY and complex formation

is initiated by addition of Mg' yielded the same fluorescence change.

evidence that 4.5S RNA does not affect the basal GTPaseye therefore attribute the FtsY fluorescence change to GTP-dependent

reaction of Ffh.

complex formation between Ffh and FtsY.
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Ficure 6: The effect of 4.5S RNA on the rate of apparent
disassembly of th€T™FfheFtsY+CTP complex, measured by pulse-
chase experiments as described in Materials and Methods. The data
are fit to eq 6b (see Materials and Methods), which give apparent
rate constants of 0.15 and 0.72 én the absence and presence of
4.5S RNA, respectively.

previous observations, however, disassembly of the complex
occurs with apparent rate constants of 0.15 and 0.¥2ns

the absence and presence of 4.5S RNA, respectiffélyure

6). These rate constants are more than 200-fold faster than
the dissociation rates of tH@PNHPEfheFtsY*GPPNHP complex
previously observedsf). In addition, the effect of 4.5S RNA

is much smaller, only 5-fold, in contrast to the 300-fold
acceleration of complex dissociation by 4.5S RNA in the
presence of GppNHE3H).

One explanation for these discrepancies is that decay of
the fluorescence signal occurs not because of dissociation
of the GTPFfheFtsY*CTP complex k_4), but rather because
GTP is hydrolyzed to yield th€°™FfheFtsY*CPP complex
(ks), which rapidly dissociates and does not give a fluores-
cence signal 35). This model can be tested by directly
measuring the rate of GTP hydrolysis by the dFtsY
complex and determining the effect of 4.5S RNA on this
reaction. According to this model, the rate of GTP hydrolysis
from the GTPFfheFtsY*¢™® complex would be the same as
the apparent rate of complex disassembly (Figure 6). Further,

[Fth] or [FtheR] (uM) the 4.5S RNA would be predicted to have the same effect
FIGURES: 4.5S RNA accelerates formation of the complex between on this rate as that observed in Figure 6.
¢TRFfh and FtsYC™. The time course for formation of the The rate constant for GTP hydrolysis was determined in
GTPFfheFtsY*CTP complex was monitored by the increase in FisY 4 presence of a fixed small amount of Ffh and varying

zr?gpstognin Sﬂrl]fvilensfoerr;ﬁz ;gat(r:]tieogg ?r? rt(rfg pargge%rce: gnwfeg:)tg concentrations of FtsY (Figure 7). The concentration of FtsY

and 9.1uM Ffh. These time courses are fit to single-exponential Was varied because its lower basal GTPase activity allows
functions analogous to eq 1 in Materials and Methods and give us to observe the reaction from the complex over a wider
observed rate constants of 0.15 and 15 is the absence and  FtsY concentration range without interference from its basal
presence of 4.5S RNA, respectively. Note the difference in time GTPase reaction. Multiple turnover, instead of single turn-
scales for the reactions in parts A and(B) [Ffh]-dependence of . . !

over, experiments needed to be used to measure the

the observed association rate constants in the presence o#0.5 ! el
FtsY with (@) and without ) 4.5S RNA present. The inset shows Stimulated GTPase reaction in the presence of both Ffh and

the data in the absence of 4.5S RNA on an expanded scale. TheFtsY, because interaction of Ffh with FtsY requires GTP
lines are fits of the data to eq 5 in Materials and Methods, which hoynd to both proteins and because Ffh and FtsY have weak
give associafion rate constantslaf= 5.6 x 1% and 1.8x 1(° GTP affinities (Table 1K; andKy', respectively). Therefore,

M~ s71in the absence and presence of 4.5S RNA, respectively, . . . .
and intercepts of{_4 + ks) = 1.0 and 0.10°s in the presence and @ high concentration of GTP in excess of the proteins was

absence of 4.5S RNA, respectively.

. . 5 Alternatively, the rate constant for decay of the&*FfheFtsY-CTP
the same effect also holds with GTP bound to the proteins, complex, which'is equal tk_, + ks (€q 4 in the Materials and Methods),
a pulse-chase experiment was carried out to determine thecan also be obtained from extrapolation of the Ffh concentration

; P sGTP ; dependence of the observed association rate constants to zero (Figure
rate of disassembly of tHe*FfheFtsY complex, which 5). They-intercept thus obtained is 1.0 and 0.1G & the presence

can be monitored by decay of the fluorescence signal from ang absence of 4.5S RNA, respectively, in close agreement with the
this complex (see Materials and Methods). Unlike the values obtained fromthe pulse-chase experiment.
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FiIGURE 7: 4.5S RNA increases the rate of GTP hydrolysis from Ficure 8: The time course of GTP hydrolysis from the #ftsY

the ©™PFfheFtsY*TP complex. The observed rate constant for the complex shows no obvious burst phase. The reaction was carried
stimulated GTPase reactions is determined with a small fixed out in the presence of 20M Ffh, 79uM FtsY, and 25QuM GTP;
amount of Ffh and varying concentrations of FtsY in the presence the high concentration of Ffh/FtsY relative to GTP is used to
(®) and absence]) of 4.5S RNA (0.1 and 0.xM Ffh with and maximize the chance of observing the presence of a burst phase,
without RNA present, respectively), as described in Materials and as described in the text. The different symbols represent data from
Methods. The data are fit to eq 3 (see Materials and Methods), two independent experiments. The solid line is a fit of the initial

which give maximal rate constants of 0.71 and 0.12and K, part of the time course to a single-exponential function (eq 1 in
values of 1.6 and 1AM in the presence and absence of 4.5S RNA, Materials and Methods). The dashed lines are fits of the data to
respectively. models in which a faster burst phase during the first turnover is

followed by a slower steady-state rate (eq 2 in Materials and
Methods), with the reaction rate during the burst ph&sefixed

present to ensure that both proteins are in their GTP-boundat different values relative to the steady-state ragy (ky = Skp
forms. (= — 2)i kg = 10k, (++); ky = 20Ky (— * — + — ).

_ The rate constant for the stimulated GTPase reactionyoy|d not be observed if steps prior to GTP hydrolysis were
increases with increasing FtsY below @M FtsY and rate-limiting.
saturates at higher concentrations (Figure 7). The maxi- ynder these conditions, the initial time course for the
mal rate constants with saturating Fts¥m{), which GTPase reaction of the RftsY complex is consistent with
represent the rate constants for hydrolysis of GTP from the 4 gingle-exponential rate without exhibiting a burst phase
CTRFfheFtsYC™” complex k; see below for justification that  (rigyre 8, solid line). To explore under what situations a
knax= ks), are 0.71 and 0.12 $in the presence and absence st phase would be observed, the time course was fit to
01"4.'55 RNA, respectively. These rate constants are the samemqodels in which there is a burst phase during the first
within i the o arent rate constants for disassemblyyrnover followed by a slower steady-state rate (Figure 8,
of the ST™FfheFtsy*®™ complex of 0.72 and 0.157% dashed lines). The analysis indicates that significant devia-
observed in Figure 6. These results provide strong evidenceijons from the data would be observed if the rate constant
tqu.t dlsapp?glr)ance of the fluorescence signal from the yyring the burst phaséy) is =5-fold faster than the steady-
FfheFtsY"='" complex in Figure 6 proceeds through gtate rate constant. Thus, the rate constant for product release

hydrolysis of GTP from the complexd), which is faster 5 4t |east within 5-fold of that for the steps prior to GTP
than dissociation of th&™FfheFtsY*CT" complex K-_4). hydrolysis.

Further, these results suggest that 4.5S RNA has an additional "¢ following observations provide additional evidence
gﬁfCt on theGTrgte constant for hydrolysis of GTP once the hat product dissociation is not likely to be rate-limiting. In
FfheFtsY*=™" complex is formed. single turnover experiments with a xanthosine triphos-
Because multiple turnover reactions were monitored in this phate (XTP)-specific mutant of FtsY, FtsYD449M0j, the
experiment, it is possible that steps after GTP hydrolysis, rate constant for XTP hydrolysis in the reacti@fiNtPFfhe
such as dissociation of tH&*FfheFtsY*“P" complex ke), FtsYD449NX™P — products is similar to the maximal rate
are rate-limiting for the reactioi™FfheFtsY"*™— products  of GTP hydrolysis observed in the multiple turnover reactions
and that 4.5S RNA affects the product release steps insteachbove (Shan, S., unpublished results). In contrast, a much
of the GTP hydrolysis rate. This possibility is tested in the faster single turnover rate would be observed if product
experiments described below. release were rate-limiting. In addition, previous work has
Product Dissociation Is Not Rateimiting for the GTPase  shown that GDP dissociation from Ffh and FtsY is fast, with
Reaction of the FfiFtsY ComplexTo test whether steps  rate constants of 14 and 5'srespectively {1—13), so that
before or after GTP hydrolysis are rate-limiting, the time GDP release is not likely to be rate-limiting. Further, the
course for the reactioR™™FfheFtsY*¢™" — products was  affinities of Ffh and FtsY for inorganic phosphate)(Bre
monitored at sufficiently high Ffh and FtsY concentrations weak, with dissociation constants in the millimolar range
relative to GTP, so that the presence of a burst phase couldeven in the presence of GDP (data not shown), suggesting
be readily detected. If steps after GTP hydrolysis were rate- that R dissociation is also unlikely to be rate-limiting. Finally,
limiting, then a burst of product formation followed by a there is strong evidence that a stablesFilsY complex does
slower reaction would be predicted. In contrast, a burst phasenot appear to form with GDP as the bound nucleotide, even
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—— +RNA (Figure 9,k,). This can account for the previously observed
....... -RNA requirement of 4.5S RNA in the targeting reaction in vivo
AAGH = 3.4 keal/mol and the apparent stimulatory effect of this RNA on the
2ar GTPase reactions in the presence of both proteins in vitro
L ' AAG¥ = 1.1 keal/mol (e.9.20, 34).

3 . Interestingly, the rate of complex formation with GTP

/ “ bound to the proteins is 10-fold faster than previously
observed with GppNHp bound, both in the presence and
absence of 4.5S RNA, suggesting that complex formation is
sensitive to the chemical nature of the atom bridging/he
andy-phosphate of GTP. Consistent with this, G/B; in
which one of the nonbridging phosphate oxygens of the
y-phosphate group is replaced by sulfur, does not support
Products formation of a stable F#itsY complex as does GTP or
- GppNHp (unpublished results), suggesting that interactions
Reaction Coordinate with the nonbridgingy-phosphate oxygens are also crucial

FiGurRe 9: Free-energy profile for the GTPase cycle upon interac- for formation of the C_omplex_. These observa_tlons strongly
tion of Ffh with FtsY in the presence (solid line) and absence Suggest that multiple interactions are made with)tfghos-

(dashed line) of 4.5S RNA. The individual rate constants are defined phate group to provide the energetic driving force for
in Figure 1. The relative energy levels are shown for a standard complex formation. In contrast, the GTP and GDP affinities
state of 1 nM and were calculated from the rate constants in Table 5 indistinguishable for both Ffh and FtsY in their uncom-

;l:aLlj?rle)%Ih}?*?qkiaios?gle(_rgjggl(ll((%ahnvz"I.\évgfhlgi g'i% plexed form, suggesting that no substantial interactions are

T =298 K. Note that the free energy levels for & FfheFtsY-cTP made with they-phosphate group prior to complex formation.
complex are estimated from dissociation rate constants of the Together, these results strongly suggest that conformational
FfheFtsY complex previously determined with GppNHp; the values changes involving residues surrounding tpehosphate
for GTP are likely to be different, as described in the legend to o r within the GTPase active site of Ffh and/or FtsY upon
Table 1. . . . .
interaction with one another. This is analogous to the
regulatory mechanism of many other ATPase and GTPase
proteins, in which the presence of threphosphate group
acts as a switch to induce conformational changes of the
dprotein that turns the protein into its active form (e 1p,
39 and references therein).

An additional step, GTP hydrolysis from tH&™Ffhe
FtsY*C™” complex, is also moderately accelerated by 4.5S
RNA (Figure 9, arrow in the peak on the right side). This
effect suggests that 4.5S RNA also helps to form a more
reactive conformation within the RRtsY complex that is
DISCUSSION conducive to GTP hydrolysis. It should be noted, however,

that the reactiof™™FfheFtsY*¢™ — products could still be

In this work, mechanistic analyses of the effects of 4.5S limited by a conformational rearrangement within the
RNA on the GTPase cycles of Ffh and FtsY have provided complex or by the chemical step of GTP hydrolysis. It
insights into the role of 4.5S RNA in SRP-mediated targeting. remains to be determined whether the observed effect of 4.5S
The results also establish a framework that allows us to RNA on this reaction arises from its stimulatory effect on
understand previous observations and to design and interprethe chemical reaction or from a catalytic effect on a
future experiments. conformational change within the complex analogous to its

To understand the role of a molecule in a biological role in complex formation described here and previou3sy.(
process, it is crucial to know the thermodynamic and kinetic ~ The catalytic role of 4.5S RNA in mediating the interaction
features of the process. The rate and equilibrium constantsbetween Ffh and FtsY suggests that this molecule could serve
for the individual reaction steps described herein have as a regulatory factor for the SRP targeting cycle. The results
allowed us to interpret the effects of 4.5S RNA in a unifying herein describe differences in the presence and absence of
model that reconciles all of the previous observations (e.g., 4.5S RNA. In vivo, however, 4.5S RNA would be bound to
20, 34, 35). Figure 9 shows a free-energy profile for the Ffh throughout the targeting cycle because of the tight+fh
GTPase reaction upon interaction of Ffh with FtsY and RNA association and because the affinity of Ffh for 4.5S
summarizes the roles of 4.5S RNA in this reaction. The major RNA does not appear to be altered by additional components
effect of 4.5S RNA is to accelerate the formation of the in the targeting pathway such as nucleotides, the SRP
CTPEfheFtsY*CTP complex 400-fold, as described herein and receptor, or the ribosomeascent chain complex 2, 35;
in previous work 85; Figure 9, thick arrow). Importantly,  results herein and Johnson, A. E., personal communication).
dissociation of th&™™FfheFtsY*¢™" complex is slower than  Nevertheless, the function of this RNA could be regulated
hydrolysis of GTP from this complex (Figure B > k_,). by additional components in the targeting pathway. Recent
Thus, with subsaturating proteins the association of Ffh with work showed that mutations in a conserved tetraloop region
FtsY, rather than the chemical step of GTP hydrolysis, is of 4.5S RNA disrupt the interaction of Ffh with Fts83),
the rate-limiting step for the observed GTPase reaction supporting the possibility that the function of this RNA can

—
(=]
T

AG (kcal/mol)

oF
GTP-th + FtsY-GTP GTP'th.FtsY.GTP

in the presence of millimolar concentrations gffiggesting
that dissociation offP*P*Ffh from FtsYCPPR is also fast
and unlikely to be rate-limiting. Although a rate-limiting
product release cannot be ruled out, all of the results obtaine
here and previously are consistent with the model that steps
prior to GTP hydrolysisKs) are rate-limiting for the reaction
CTREfheFtsY*CTP — products. It is therefore unlikely that the
observed effect of 4.5S RNA arises from an effect on the
product release steps.
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be subject to modulation. 4.5S RNA binds to the M-domain 14. Gilmore, R., and Hoffman, K. E. (1988) Biol. Chem. 263

of Ffh, which also contains the binding site for signal 4381-4385. _
sequences. Crystallographic analyses of the M-domain 15 Bourne, H. R., Sanders, D. A., and McCormick, F. (1991)
structure showed that the SRP RNA is positioned close to Nature 349 117-127.

. o . . 16. Freymann, D. M., Keenan, R. J., Stroud, R. M., and Walter,
the signal sequence binding pocket, suggesting communica- = p_(1997)Nature 385 361—364.

tion between the RNA and signal sequenc2§).(Thus, it 17. Montoya, G., Svensson, C., Luirink, J., and Sinning, I. (1997)

could be envisioned that the presence of a signal sequence  Nature 385 365-368.

or the ribosome could modulate the activity of 4.5S RNA, 18. Zopf, D., Bernstein, H. D., and Walter, P. (1993Cell Biol.

thereby turning this molecule into an active regulator of the 120 1113-1121. _ ,

SRP targeting process. The kinetic and thermodynamic 19'\/'\\//“"6“ J. D., Wilhelm, H., Gierasch, L., Gilmore, R., and
. . . . . alter, P. (1993Nature 366 351—354.

framework e_stabhshed in this work will faC|I|ta_te the 5 Miller, J. D., Bernstein, H. D., and Walter, P. (199ture

characterization of potential effectors, such as signal se- 367, 657—659.

guences, ribosome, and the translocation machinery, on the 21. Connolly, T., and Gilmore, R. (198@ell 57, 599-610.

GTPase cycles of Ffh and FtsY and aid in determining 22. Connolly, T., Rapiejko, P. J., and Gilmore, R. (19St)ence

whether and how the function of 4.5S RNA is modulated 252 1171-1173.

; ; 23. Zelazny, A., Seluanov, A., Cooper, A., and Bibi, E. (1997)
by these components during the targeting cycle. Proc. Natl, Acad. Sci. U.S A 980256020,
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