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Anionic phospholipids are involved in membrane
association of FtsY and stimulate its GTPase activity
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FtsY, the Escherichia coli homologue of the eukaryotic
signal recognition particle (SRP) receptor o-subunit,
is located in both the cytoplasm and inner membrane.
It has been proposed that FtsY has a direct targeting
function, but the mechanism of its association with
the membrane is unclear. FtsY is composed of two
hydrophilic domains: a highly charged N-terminal
domain (the A-domain) and a C-terminal GTP-binding
domain (the NG-domain). FtsY does not contain any
hydrophobic sequence that might explain its affinity
for the inner membrane, and a membrane-anchoring
protein has not been detected. In this study, we
provide evidence that FtsY interacts directly with
E.coli phospholipids, with a preference for anionic
phospholipids. The interaction involves at least two
lipid-binding sites, one of which is present in the
NG-domain. Lipid association induced a conforma-
tional change in FtsY and greatly enhanced its GTPase
activity. We propose that lipid binding of FtsY is
important for the regulation of SRP-mediated protein
targeting.

Keywords: E.colilFtsY/protein targeting/signal
recognition particle

Introduction

In eukaryotic cells, co-translational targeting and insertion
of proteins into the membrane of the endoplasmic
reticulum (ER) is mediated by the signal recognition
particle (SRP) and its receptor (SR) (reviewed in Rapoport
et al., 1996). SRP binds via its 54 kDa subunit (SRP54)
to hydrophobic targeting signals in short nascent poly-
peptides, thereby inhibiting further elongation. Interaction
of the complex with the o-subunit of the SR, which is
anchored to the membrane by SRp, relieves the arrest in
elongation and allows insertion of the nascent protein into
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the translocation pore of the ER membrane. SRP54,
SRo and SRP are GTPases, and hydrolysis of GTP by
SRP54 and SR is required to dissociate the SRP-SRo
complex and recycle these targeting factors.

The more recently discovered SRP pathway in
Escherichia coli involves cytosolic factors that strongly
resemble components involved in protein targeting to
the eukaryotic ER membrane (reviewed in Luirink and
Dobberstein, 1994; Wolin, 1994). The E.coli SRP consists
of 4.5S RNA and a 48 kDa GTPase designated P48 (or
Ffh for fifty four homologue) that show homology to the
eukaryotic 7S RNA and SRP54, respectively. Recent
in vitro and in vivo data indicate that proteins bearing
strongly hydrophobic targeting signals (e.g. integral inner
membrane proteins) are particularly dependent on the
SRP for efficient membrane targeting and insertion
(MacFarlane and Miiller, 1995; de Gier et al., 1996;
Ulbrandt et al., 1997; Valent et al., 1997, 1998).

The E.coli GTPase FtsY displays significant sequence
similarity to SRol and is considered a true SRP receptor
based on the following observations. First, depletion of
FtsY affects the synthesis and secretion of proteins that
depend on SRP for proper membrane targeting (Luirink
et al., 1994, Seluanov and Bibi, 1997). Second, FtsY and
SRP form a complex in vitro and regulate each others’
GTPase activity (Miller et al., 1994; Kusters et al., 1995;
Powers and Walter, 1995). Third, FtsY is essential for the
release of SRP from a nascent substrate and its subsequent
association with the E.coli translocase (Valent et al., 1998).

FtsY and SRo contain two distinct domains: a highly
charged N-terminal domain (the A-domain) and a
C-terminal domain (the NG-domain), the crystal structure
of which has been determined recently (Montoya et al.,
1997a). In mammalian cells, SRo is targeted co-
translationally to the membrane and is anchored via its
A-domain to the integral membrane subunit SR (Young
et al., 1995; Young and Andrews, 1996). In contrast, FtsY
is located in part in the cytosol and in part at the
cytoplasmic membrane (Luirink ef al, 1994). The
mechanism of its association with the membrane is unclear.
No hydrophobic helix, which would suggest a trans-
membrane location of FtsY, has been detected from the
sequence data (Gill er al., 1986) and no obvious SRf3
homologues have been identified in the E.coli genome
sequence.

Based on in vivo localization studies, it has been
suggested that the association of FtsY with the membrane
involves two distinct types of association (de Leeuw et al.,
1997). First, FtsY may associate with the membrane via
a saturatable protein—protein interaction, in which the
A-domain would be primarily involved. Second, FtsY
may associate via a direct protein-lipid interaction.

In this study, we investigated the possibility of a direct
FtsY-lipid interaction. Both full-length FtsY and the
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Fig. 1. FtsY and FtsY-NG bind to liposomes composed of E.coli
phospholipids. Purified FtsY or FtsY-NG (250 ng) was incubated for
10 min at 37°C in the absence (lanes 1-4) or presence (lanes 5-8) of
50 pg of liposomes prepared from E.coli lipids in 50 mM HEPES
pH 7.6, 0.5 M KOAc, 5 mM Mg(OAc), in a final volume of 25 pl.
Samples were subjected to floatation gradient centrifugation as
described in Materials and methods. The gradient was collected in four
fractions from the top. Fractions were TCA precipitated and analysed
by immunoblotting using affinity-purified oFtsY serum. The lower
band of the FtsY doublet represents a degradation product that lacks
the 14 N-terminal amino acids (Luirink et al., 1994).

FtsY-NG domain were shown to associate directly with
liposomes and insert into monolayers composed of E.coli
phospholipids, with a preference for anionic phospholipids.
Liposomes induced a conformational change in FtsY and
greatly enhanced its GTPase activity. It is proposed that
the dynamic interaction of FtsY with membrane lipids
plays a crucial role in the regulation of SRP-mediated
protein targeting in E.coli.

Results

FtsY and FtsY-NG associate with liposomes

FtsY is needed for an efficient release of SRP from the
nascent chain at the membrane (Valent et al., 1998). The
nature of the association of FtsY with the membrane is
unclear. FtsY has been suggested to interact directly with
phospholipids, possibly through the FtsY-NG domain
(de Leeuw et al., 1997). To investigate the interaction of
FtsY with phospholipids, purified FtsY and FtsY-NG
were subjected to floatation gradient centrifugation in the
presence or absence of liposomes. Both FtsY and FtsY-NG
co-localized in part with the liposomes in the top fraction
(Figure 1). To examine whether association depends
on a specific nucleotide-bound conformation, liposome
association was determined in the presence of guanine
nucleotides. Neither GTP, GDP nor GMP-PNP present
at 2 mM in the incubation buffer influenced liposome
association. Both FtsY and FtsY-NG associate independ-
ently of the presence of guanine nucleotides (data not
shown).

To examine the valence of the lipid association, the
ability of FtsY to induce membrane aggregation was
determined by measuring the turbidity of a large uni-
lamellar vesicle (LUV) suspension upon addition of FtsY.
FtsY (but not FtsY-NG) caused a fast absorbance increase
followed by a slower decreasing phase (Figure 2A and
B). This indicates the formation of aggregates of increasing
size. In the first phase, the turbidity increases with the
molecular size of the scattering particles, whereas in the
second phase the ensuing reduction in the number of
scattering centres prevails. This aggregation occurs only
with phosphatidylglycerol (PG):phosphatidylethanolamine
(PE) LUVs where the anionic lipid PG is present at >30%
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Fig. 2. FtsY-induced aggregation of lipid vesicles suggests two
binding sites. (A) Absorbance changes (at 405 nm) induced by the
addition of 0.2 uM FtsY to lipid vesicles composed of PE:PG at the
indicated molar fractions. The lipid:protein molar ratio was 500.

(B) The same as (A), but with 0.2 uM FtsY-NG. (C) Absorbance
increase versus molar fraction of the anionic lipid (PG) for three
different concentrations of FtsY (open circles, 0.05 uM; dotted circles,
0.1 pM; filled circles, 0.2 uM). The lipid concentration was always
100 uM. Inset: dose dependence of FtsY-induced aggregation of
PG:PE 1:1 LUV.



of the molar fraction and is a concentration-dependent
reaction (Figure 2C). Similar aggregation was observed
upon addition of FtsY to phosphatidic acid (PA):palmitoyl-
oleoyl-phosphatidylcholine (POPC) LUVs when the
anionic lipid PA was >30% (not shown). No aggregation
occurs with vesicles comprised only of the zwitterionic
lipid POPC.

Taken together, these data indicate that both FtsY
and the FtsY-NG domain are able to contact E.coli
phospholipids directly, independently of the nucleotide.
The difference in efficiency of lipid association between
FtsY and FtsY-NG and the ability of FtsY to cause LUV
aggregation suggest the presence of two lipid attachment
sites in FtsY: one in the A-domain and one in the
NG-domain. At least one of them has a preference for
anionic phospholipids.

FtsY and FtsY-NG insert into lipid monolayers
with a preference for anionic phospholipids

The nature and extent of the FtsY-lipid interaction
were characterized further using the lipid monolayer
technique. In this approach, the insertion of a protein into
the lipid phase causes an increase in surface pressure of
the monolayer (Demel, 1994). Both FtsY and FtsY-NG
were tested for insertion into dioleoyl-PG (DOPG;
anionic), DOPE (zwitterionic) or DOPC (zwitterionic)
monolayers as a function of varying initial surface pres-
sure. It should be noted that FtsY and FtsY-NG show
surface activity by themselves, as in the absence of a
phospholipid monolayer they give rise to a surface pressure
increase of 18.5 and 19.5 mN/m, respectively. At an initial
surface pressure above the surface pressure of the protein
in the absence of a monolayer, the increase in surface
pressure can only be interpreted as insertion of the protein
into the monolayer (reviewed in Demel, 1994). Therefore,
the initial surface pressure was kept at or above 20 mN/m.
Both FtsY and FtsY-NG showed significant insertion into
monolayers of the three lipid types. The insertion was
more efficient when DOPG was used as compared with
DOPE and DOPC, independently of the initial surface
pressure (Figure 3A and B). In addition, the maximal
surface pressure allowing insertion was significantly higher
when DOPG monolayers were used as compared with
DOPC or DOPE. Insertion into DOPE was slightly more
efficient than into DOPC, although both are zwitterionic
lipids. This is possibly related to the fact that DOPC is
not a natural E.coli lipid and has a relatively large
headgroup. For both zwitterionic phospholipids, the max-
imal surface pressure allowing insertion is higher for FtsY
than for FtsY-NG. Again, this may suggest the presence
of two membrane attachment sites.

To examine further the role of negatively charged
phospholipids in the insertion of FtsY, phospholipid
extracts were prepared from inner membrane vesicles
derived from E.coli strain SD12 (wild type) and HDL11
(a conditional strain in which PG synthesis was down-
regulated). Both FtsY and FtsY-NG showed a reduced
insertion into PG-depleted phospholipid monolayers as
compared with monolayers based on wild-type phospho-
lipid extract, irrespective of the initial surface pressure
(Figure 4). These results are consistent with a preference
of FtsY to aggregate LUVs containing negatively charged
phospholipids (Figure 2).

FtsY interacts with anionic phospholipids
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Fig. 3. FtsY (A) and FtsY-NG (B) insert into synthetic lipid
monolayers. The increase in surface pressure upon injection of the
protein into the subphase was measured as a function of the initial
surface pressure. Monolayers of DOPG, DOPE and DOPC were used.

FtsY-lipid interaction is dominated by electrostatic
interactions

FtsY does not contain any predicted hydrophobic
membrane-spanning sequence (Gill et al., 1986). It is a
strongly negatively charged protein at physiological
pH with ~50 net negative charges, so that an electrostatic
repulsion between the negative membrane surface and the
protein, especially the acidic A-domain, is anticipated. On
the other hand, we observed an enhanced interaction of
FtsY and FtsY-NG with negatively charged lipids as
compared with zwitterionic lipids in monolayer and
aggregation studies, suggesting an interaction based on
electrostatic attraction.

To investigate the nature of the FtsY-lipid interaction
in more detail, the effect of the salt concentration in the
subphase buffer on the insertion of FtsY(-NG) into DOPG
monolayers was measured (Figure 5A). Optimal insertion
occurred at ~100 mM NaCl for both FtsY and FtsY-NG.
Insertion decreased gradually when the NaCl concentration
was raised, suggesting that the insertion indeed depends
on electrostatic interactions. To change the charge profile
of the protein, the pH of the subphase phosphate buffer
was varied from 5 to 9. Lowering the pH from 7 to 5.5
resulted in an almost linear increase of insertion for both
FtsY and FtsY-NG into a DOPG monolayer (Figure 5B).
It is likely that a relatively low pH counteracts the
negative surface charge of the FtsY protein, thus reducing
electrostatic repulsion at the DOPG monolayer.
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Fig. 4. Insertion of FtsY (A) and FtsY-NG (B) into monolayers is
stimulated by phosphatidylglycerol. The increase in surface pressure
upon injection of the protein into the subphase was measured as a
function of the initial surface pressure. Monolayers were prepared
from phospholipid extracts of wild-type inner membrane vesicles of
E.coli strain SD12, and of PG-depleted inner membrane vesicles

of E.coli strain HDL11.

To confirm the predominantly electrostatic interaction
of FtsY with the membrane, the aggregation of the vesicles
was monitored as a function of the ionic strength of the
incubation buffer (Figure 6). Above 500 mM NaCl, the
aggregation of LUVs induced by FtsY was abolished,
indicating disruption of electrostatic interactions involving
at least one of the two suggested binding sites. Maximal
aggregation occurred at ~250 mM NaCl, and aggregation
decreased with decreasing ionic strength. The insertion as
well as the aggregation may be optimal at intermediate
(100-250 mM) NaCl concentrations by shielding of the
negatively charged A-domain, thus minimizing initial
electrostatic repulsion at low (<100 mM) NaCl concentra-
tions. In conclusion, these results indicate that the insertion
of FtsY into a DOPG monolayer and its association with
LUVs is dominated by electrostatic interactions.

Insertion of FtsY-NG into lipid monolayers is
inhibited by GTP and GDP

The effects of GTP and GDP on the insertion of FtsY
and FtsY-NG into a DOPG monolayer were examined. In
the absence of nucleotide, both FtsY and FtsY-NG show
a comparable increase of initial surface pressure (Figure 7).
Insertion of FtsY-NG was impaired upon addition of GDP
and, to a lesser extent, GTP to the subphase buffer,
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Fig. 5. Insertion of FtsY and FtsY-NG into a DOPG monolayer (initial
surface pressure of 25 mN/m) is influenced by the salt concentration
(A) and pH (B) of the subphase buffer. FtsY and FtsY-NG were
injected into a subphase of 50 mM Tris—HCI1 pH 7.5 containing the
indicated concentrations of NaCl (A) or 50 mM Na phosphate,

100 mM NaCl at the indicated pH (B).
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Fig. 6. Effect of salt concentration on FtsY-induced LUV aggregation
(measured as in Figure 2) for different FtsY (FL) concentrations (open
circles, 0.1 uM; dotted circles, 0.2 uM; filled circles, 0.4 uM) and
constant lipid concentration (100 pM).

whereas the non-hydrolysable analogue GMP-PNP did
not affect insertion. Considering the equilibrium and
kinetic constants of guanine nucleotide binding to the
NG-domain and its rate of GTP hydrolysis, the majority
of the NG-domain will be in the GTP-bound state in the
presence of 2 mM GTP (Moser et al., 1997). The difference
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and FtsY-NG into a DOPG monolayer (initial surface pressure of

25 mN/m). Protein was injected into a subphase buffer of 50 mM
Tris—HCI, 100 mM NaCl pH 7.5 containing 2 mM MgCl,. GTP, GDP
or GMP-PNP were added to a final concentration of 2 mM prior to
injection of protein.

in insertion between the GTP- and GMP-PNP-bound states
of the NG-domain may reflect subtle conformational
changes upon binding of these different nucleotides (see
below).

In contrast, insertion of full-length FtsY appeared
unaffected by the presence of GTP, GMP-PNP or GDP.
Mutant FtsYA*449, which displays strongly impaired GTP
binding (Kusters et al., 1995), showed a comparable
insertion. These data indicate that insertion of full-length
FtsY occurs independently of its nucleotide occupancy. It
is possible that the A-domain influences the conformation
of the NG-domain, facilitating insertion in the GTP- or
GDP-bound form. Alternatively, the A-domain itself may
interact with the DOPG monolayer without being influ-
enced by nucleotide binding to the NG-domain.

Lipid association induces a conformational change
in FtsY

Limited proteolysis has been shown to detect conforma-
tional changes in FtsY that are due to its nucleotide
occupancy (Kusters ez al., 1995). The influence of guanine
nucleotides and liposomes on the conformation of FtsY
was studied by monitoring its resistance to proteolysis by
proteinase K with time (Figure 8). In the absence of
liposomes, FtsY was degraded readily by proteinase K,
already resulting in degradation products of low molecular
weight after 2 min incubation (Figure 8A, lane 3, bottom).
In the presence of GTP, FtsY was stabilized temporarily,
resulting in a doublet band of 40 kDa and a product of
37 kDa (Figure 8A, lane 4). N-terminal sequencing
revealed that the 40 kDa product lacks the N-terminal 161
amino acids (FtsYA161; data not shown). In time, this
fragment is converted further into a 37 kDa product
corresponding to the previously described FtsYA187
(Kusters et al., 1995). In the presence of GMP-PNP, FtsY
was converted more rapidly to FtsYA187, which was still
present after 20 min (Figure 8A and B, lane 6), indicative
of a difference in conformation when GTP or GMP-PNP
is bound. GDP stabilized full-length FtsY initially but

FtsY interacts with anionic phospholipids

2 min
= liposomes + liposomes
r
(kD) -Protk - GTP GDPGMP- - GTP GDP GMP-
FNP PNF
m '_: — — — —_— —FisY
427 — - = = Tyl
— — — —— ==—FisYAI§7
_—— e e — ProtK
266 =
= -
- = =
1 2 3 4 E & T 8 9% 10
20 min
M - liposomes + i mes
I'kDrj =ProtK = GTPF GDP GMP- - GTP GDP GMP-
PNP PSP
972 — —
6.4 — = FisY
427 — -_— — :F‘-’Yﬂlﬁl
et i i s i R s A — el
26,6 =~
== ===
1 2 3 4 5 & 7 F 10

Fig. 8. FtsY is relatively resistant to protease treatment in the presence
of liposomes and GTP. A 4 pg aliquot of FtsY was incubated in the
absence (lanes 3-6) or presence (lanes 7-10) of liposomes and 2 mM
of nucleotide where indicated. Samples were treated with proteinase K
(lanes 3-10) or left untreated (lane 2) at 37°C for 2 min (A) or

20 min (B). Samples were subjected to TCA precipitation, analysed by
SDS-PAGE and visualized by Coomassie Blue staining.

after 20 min mainly FtsYA161 was detected (Figure 8A
and B, lane 5).

In the presence of liposomes, the degradation charac-
teristics of FtsY remained relatively unaffected in the
absence of nucleotide or in the presence of GDP or GMP-
PNP. However, in the presence of GTP, FtsY was partly
stabilized by the presence of liposomes at 2 min incubation
(Figure 8A, cf. lanes 4 and 8) whereas FtsYA187 was
remarkably stable even after 20 min incubation (Figure 8B,
cf. lanes 4 and 8). These data suggest that liposomes
stabilize FtsY in the GTP-bound conformation.

In order to determine whether lipids affect the conforma-
tion of FtsY in the absence of nucleotides, in a way
that is not detected by the above-described proteolysis
experiment, we used Fourier transform infrared (FT-IR)
spectroscopy (Figure 9), a technique that can report
conformational changes undergone by proteins upon
binding to lipid membranes (Tamm and Tatulian, 1997),
as shown for influenza haemagglutinin (Tatulian e al.,
1995) and toxins such as aerolysin (Cabiaux et al., 1997).
FT-IR spectra of deuterated films of FtsY or FtsY-NG
were obtained with or without LUVs. The amide I region
(1600-1700 cm™') was analysed as described (Menestrina
et al., 1999). FtsY-NG was found to contain ~50%
o-helix and 40% B-sheet (Figure 9A). A differential
spectrum with FtsY indicated that the whole protein
contained on average slightly less o-helix and more
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[-sheet than the NG fragment (Figure 9B). Upon addition
of LUVs, both FtsY and FtsY-NG show a decrease in
either a-helical or B-sheet content (indicated, in the
differential spectrum, by two negative minima at 1654
and 1635 cm™!, respectively, Figure 9C). A positive peak
at 1645 cm™! suggests an increase in random coil structure,
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whereas the increase at 1625 cm™' may indicate the forma-
tion of intermolecular hydrogen bonds in extended
B-strands (Tamm and Tatulian, 1997). These changes,
albeit clear, amount to only ~5% (as a comparison,
influenza haemagglutinin increases its o-helical content
~10% upon binding to lipid vesicles at low pH; Tatulian
et al., 1995). They are consistent with a localized, limited,
unfolding and oligomerization of both FtsY and FtsY-NG
upon binding to lipids.

In conclusion, the data from both experiments suggest
that liposomes induce conformational changes in FtsY
and that FtsY-NG is stabilized in a GTP-bound conforma-
tion. The marked influence of GTP, GDP and GMP-PNP
on the degradation characteristics suggests the existence of
various conformations of the C-terminal region (FtsYA187
and FtsYA161) that contain the NG-domain.

The GTPase activity of the FtsY-NG domain is
regulated by the A-domain and lipids

FtsY has been reported to display very low intrinsic
GTPase activity (Miller et al., 1994; Kusters et al., 1995;
Powers and Walter, 1995). Only when labelled GTP of
high specific activity was used could low but significant
GTP hydrolysis by FtsY and FtsY-NG be detected
(Figure 10A). FtsY-NG hydrolysed twice as much GTP
as full-length FtsY when used in equimolar amounts. This
suggests that in the absence of liposomes, the A-domain
acts as a repressor of GTP hydrolysis.

FtsY and FtsY-NG were shown to associate with
liposomes, which is accompanied by conformational
changes. To examine the effect of liposome association
on the GTPase activity of FtsY and FtsY-NG, LUVs were
used in the hydrolysis assay and found to stimulate GTP
hydrolysis strongly in FtsY, whereas the effect on FtsY-NG
was negligible (Figure 10B). This reflects the importance
of the A-domain for GTPase stimulation upon lipid
association. These data also indicate that the A-domain is
not only crucial for sensing the membrane, but also for
releasing the block in GTP hydrolysis and for stimulating
the hydrolysis over the level of membrane-bound
FtsY-NG. To exclude a possible effect of different affinities
for the membrane, FtsY and FtsY-NG were titrated with
PG LUVs. Both proteins show a maximum at a molar
ratio of ~1:200 (Figure 10B). Lipid interaction of FtsY

Fig. 9. Effect of LUVs on the conformation of FtsY derived from
infrared-ATR spectra. (A) Amide I" spectrum of deuterated films of
FtsY-NG (upper solid line) and its deconvolution (lower solid line)
obtained with 1.6 resolution enhancement factor and Bessel
smoothing. Two major components at 1654 + 1 cm™! (o-helix) and
1636 = 1 cm™! (B-sheet), six minor components at 1682 cm™" (B-turn),
1675 cm™' (antiparallel B-sheet), 1666 cm™' (B-turn), 1625 cm™!
(B-sheet), 1614 cm™! and 1600 cm™! (side chains), and a shoulder at
1648 cm™! (random coil) are present, assigned according to Byler and
Susi (1986) and Tatulian et al. (1995). An initial set of nine
Lorentzian components with these positions was used to generate a
least-squares fit of the original data. The resulting average secondary
structure was 46% o-helix, 39% [-sheet, 10% B-turn and 5% random
coil. Errors are typically * 5% of the determined values.

(B) Differential spectrum obtained by subtracting the FtsY-NG
spectrum from the normalized FtsY spectrum. (C) Differential spectra
obtained by subtracting the soluble form from the normalized lipid-
bound form, for either full-length (FL) FtsY (dashed line) or FtsY-NG
fragment (solid line).
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Fig. 10. Effect of LUVs on GTP hydrolysis by FtsY and FtsY-NG. (A) The A-domain acts as a repressor of GTP hydrolysis in FtsY in the absence
of lipids. FtsY or FtsY-NG (1 uM) was incubated in hydrolysis buffer (see Materials and methods) at the indicated final concentration of GTP for
22 min at 37°C. (B) FtsY, but not FtsY-NG, is stimulated upon lipid interaction. Initial reaction rates for FtsY and for FtsY-NG are shown as a
function of the protein:lipid ratio (the lipid is PG). FtsY (100 nM) and FtsY-NG (1 uM) were incubated at 37°C with 10 uM GTP. Time points were
taken at 0, 2, 4 and 10 min. The lipid is PG. (C) Lipid interaction of FtsY seems to affect mainly the vy,,. Initial reaction rates have been
determined as a function of substrate and lipid concentration and are fitted with the Michaelis—Menten equation (the error of the fit is given in
parentheses). FtsY (100 nM) was incubated at 37°C with PG and GTP at the indicated concentrations. The K, and v,,x are given. (D) Stimulation
of GTP hydrolysis in FtsY depends on the lipid composition of the LUVs. Conditions are: 1 uM protein, 50 uM GTP, 160 uM LUVs; time is

11 min. The key for (A), (B) and (D) is as indicated in the inset in (A).

appears to have a clear effect on the v,,,, but only a minor
effect on the K, (Figure 10C). This suggests that there is
no major change in the affinity for the nucleotide.

To investigate the dependence of GTPase stimulation on
the lipid composition of the LUVs, the GTPase activity of
FtsY was tested in the presence of PA:phosphatidylcholine
(PC) or PG:PE LUVs. The content of negatively charged
lipids was varied from 10 to 90%. Stimulation was low for
all the ratios of PA:PC tested, but varied substantially with
the amount of PG present, being optimal at 70% PG
(Figure 10D). This indicates that not only the charge, but
also the nature of the lipid headgroup is important to promote
GTP hydrolysis. PE and PA are both known to be Hyj-phase
promoting lipids (Cullis and de Kruijff, 1979). However,

the phase transition temperature for 100% egg PE vesicles
is 45°C (Ellens et al., 1986) and therefore it is well above
the assay temperature. We presume that the effects observed
here are due predominantly to the charge distribution and
headgroup nature, and not to lipid polymorphism effects.
Stimulation can also be achieved with E.coli cardiolipin
(CL) liposomes (not shown). Taken together, the results
show that natural E.coli anionic phospholipids can stimulate
the hydrolysis of FtsY.

Discussion

In this study, we show that the E.coli SRP receptor FtsY
interacts directly with membrane lipids. Previously, we
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have demonstrated that FtsY is located in part in the
cytoplasm and in part in the inner membrane (Luirink
et al., 1994). Cytoplasmic FtsY was shown to associate
with SRP bound to ribosome—nascent chain complexes in
the absence of membranes (Valent et al., 1998). The
affinity of FtsY for lipids may contribute to the targeting
of nascent chains.

FtsY binds in its nucleotide-free form to liposomes
derived from E.coli total lipid extracts. Interestingly, these
liposomes also induced significant FtsY-mediated release
of the SRP from the nascent chains, indicating that the
interaction of FtsY with lipids is functional and sufficient
to induce a conformational change in the SRP that lowers
its affinity for the nascent chains (Scotti et al., 1999).

In addition, FtsY was shown to insert into monolayers
of all lipid species analysed. The most efficient insertion is
observed with anionic lipids at moderate salt concentration.
Hence, insertion into the monolayer appears to involve
electrostatic interactions. It should be noted that the
increase in surface pressure measured in the monolayer
experiment reflects insertion of a significant portion of
the protein between the headgroups in between the acyl
chains and is not merely a peripheral attachment to the
charged surface of the monolayer (Demel, 1994). The
insertion might explain the relative resistance of mem-
brane-associated FtsY to salt and alkali extraction
in vivo (Luirink et al., 1994). Interaction with anionic
phospholipids was unexpected considering that FtsY itself
is strongly negatively charged, carrying ~50 net negative
charges at physiological pH (Gill et al., 1986). On the
other hand, despite its overall negative charge, positive
clusters of R/K residues are found in the A-domain as
well as in the NG-domain that could contribute to inter-
action with anionic phospholipids.

FtsY is shown to aggregate liposomes, indicating the
presence of at least two lipid attachment sites. Analytical
ultracentrifugation experiments (K.te Kaat, unpublished
observation) show FtsY as being monomeric, despite its
different migration behaviour in gel filtration (Luirink
et al., 1994). Extensive aggregation is observed when
LUVs are composed of phospholipids normally present in
E.coli membranes. However, optimal results are obtained
at a molar ratio of 7:3 PG:PE, whereas the physio-
logical molar ratio of PG:PE described in wild-type E.coli
membranes is 3:7 (Morein et al., 1996). It is unclear
whether local areas with a high density of negatively
charged phospholipids exist in the inner membrane. If so,
they might contribute to the targeting specificity of FtsY.
It should be noted that the interaction with PE is also
important since aggregation is not optimal with pure
PG vesicles.

The aggregation data presented here suggest that a
second lipid-binding site is present in the A-domain, which
shows no clear nucleotide dependence. Unfortunately, this
could not be demonstrated directly since purified A-domain
proved to be unstable (data not shown). The acidic domain
of FtsY is poorly conserved and varies dramatically in
size, being basically non-existent in a predicted FtsY from
the genome of Helicobacter pylori to ~200 residues in the
E.coli FtsY (Samuelsson and Zwieb, 1999). Interestingly,
almost all bacterial FtsY homologues possess an
N-terminus rich in positively charged residues. Frequently,
the clusters of positive residues are flanked by aromatic
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residues often found in membrane-interacting proteins. It
has been reported that fusion of the FtsY-NG domain to
an unrelated transmembrane protein partly complements
FtsY depletion (Seluanov and Bibi, 1997). These data
suggest that the A-domain is important for the membrane
targeting of bacterial FtsY. The o-subunit of the eukaryotic
SRP receptor (SRat) was shown to interact at its very
N-terminus with the B-subunit, an integral membrane
protein (Young et al., 1995; Young and Andrews, 1996).
Accordingly, eukaryotic SRo. sequences do not show
clustering of positive residues at the N-terminus suggesting
a different mechanism by which FtsY and SRa species
are targeted to the membrane.

It has been demonstrated that E.coli FtsY complements
the loss of SRo in co-translational targeting of pre-
prolactin to microsomal membranes (Powers and Walter,
1997). When the N-terminal 46 amino acids (encompassing
the cluster of positive charges) were deleted from FtsY, a
higher concentration of FtsYA46 was necessary to support
both targeting of pre-prolactin and localization of FtsY to
the microsomal membranes. Presumably the affinity of
both the acidic domain (especially its extreme N-terminus)
and the NG-domain for lipids explains the ability of FtsY
to function in heterologous protein targeting.

Does FtsY also interact with membrane proteins? In
contrast to the salt-sensitive interaction with liposomes
observed here, FtsY cannot be extracted from crude
inner membranes by high salt treatment (Luirink er al.,
1994). In addition, it has been observed that, upon over-
expression, the acidic domain of E.coli FtsY competes
endogenous FtsY from the membrane, whereas the
NG-domain does not (de Leeuw er al., 1997). These
results suggest a titratable membrane receptor site in
native inner membranes, presumably proteinaceous in
nature, to which the acidic domain binds. On the other
hand, we have not been able to identify any protein
receptor using a variety of techniques to detect protein
interactions (J.Luirink, unpublished results).

The protease protection assay and the FT-IR spectra
both suggest a conformational change of the protein upon
interaction with the membrane. FI-IR reveals a local
unfolding of the full-length protein and the NG fragment
to similar extents. Protease protection in the presence of
GTP and liposomes conferred resistance against digestion
to a fragment that encompasses the NG-domain, also
indicating a conformational change involving mainly the
NG-domain. Conceivably, liposome association stimulates
GTP binding to FtsY that has been shown to stabilize the
NG-domain.

FtsY and SRP have been described to act as GTPase-
activating proteins for each other in an in vifro assay
based on purified components. The reciprocal stimulation
of GTP hydrolysis triggers dissociation of the SRP-FtsY
complex, which was proposed to allow the cycling of
these components in vivo (Miller et al., 1994; Powers and
Walter, 1995). The membrane so far has escaped attention
as a component in the SRP—GTPase cycle. We demonstrate
here a strong increase in the GTPase activity of FtsY
upon binding to liposomes. The presence of liposomes
containing either PG or CL greatly stimulated the hydro-
lysis, and only a very small stimulation is achieved by
PA. The stimulation seems therefore to be more dependent
upon the nature of the lipid headgroup than are binding



and aggregation. The GTPase activity of FtsY-NG is
stimulated much less by liposomes than is the full-length
protein, whereas in the absence of liposomes the hydrolytic
activity of FtsY-NG exceeds that of FtsY. Apparently, the
acidic domain modulates the GTPase activity of FtsY-NG
in two ways: repressing it in solution and highly stimulating
it at the membrane.

FtsY and SecA function in different targeting routes
(Scotti et al., 1999) but are remarkably similar, at
least at a phenomenological level. Both serve as a receptor
of a precursor—chaperone complex: SecA binds SecB—
precursor complexes (Hartl e al., 1990) and FtsY binds
SRP-nascent chain complexes (Valent et al., 1998). Both
are nucleotide-binding proteins (Mitchell and Oliver, 1993;
Kusters et al., 1995; Powers and Walter, 1995) showing
a low basal hydrolysis activity in vitro that is stimulated
by membranes and precursor complexes (for SecA,
reviewed in Driessen, 1996; Powers and Walter, 1995,
this study). Both show an unusual subcellular distribution
in vivo: partly soluble and partly firmly associated with
the inner membrane (Cabelli et al., 1991; Luirink et al.,
1994). They interact directly with phospholipids, with a
preference for anionic phospholipids despite their overall
acidic nature (pI SecA = 5.50, pl FtsY = 4.49) (Breukink
et al., 1992; this study). Lipid attachment of SecA
(Ulbrandt et al., 1992) and FtsY (this study) is also
accompanied by a partial unfolding of the protein and
insertion into monolayers. The lipid binding of SecA has,
in contrast to FtsY, additionally a strong hydrophobic
component (Breukink et al., 1992). Finally, both SecA and
FtsY are required to connect the targeting and membrane
insertion at the SecYEG translocon (reviewed in Driessen
et al., 1998; Valent et al., 1998).

Conclusions

Although the SRP-mediated targeting pathways in
prokaryotes and eukaryotes show many similarities, it
seems that membrane targeting of FtsY is fundamentally
different from that of SRa.. Despite different approaches,
no functional interaction between FtsY and a membrane-
embedded protein could be detected (J.Luirink, unpub-
lished observations). Our data suggest a general affinity
of FtsY for the membrane, and a strong increase in GTP
hydrolysis in FtsY upon membrane binding. Therefore,
an additional membrane-embedded receptor may not be
required. At this point, also in the light of the strong
similarities to SecA, it is tempting to speculate that after
targeting, FtsY interacts transiently with the translocon to
ensure proper delivery of the nascent chain. A more
detailed understanding of the events between targeting
and insertion of nascent chains into the translocon will
require full reconstitution of the SRP/FtsY-mediated
targeting reaction.

Materials and methods

Chemicals
POPC, DOPC, PA, egg PE, DOPE, egg PG, DOPG and E.coli phospho-
lipids were all purchased from Avanti Polar Lipids (Pelham, AL).

Strains and constructs

The E.coli strain BL21 F~ hsdS gal (DE3) harbouring pLysS was used
for expression of FtsY or FtsY-NG cloned in pET vectors as described
(Studier et al., 1990). The E.coli TOPIOF strain (Stratagene) was used
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for general cloning. Escherichia coli HDL11, a mutant with inducible
phosphatidylglycerolphosphate synthase activity, and its isogenic wild-
type SD12 were used to prepare phospholipid extracts for monolayer
experiments (Kusters et al., 1991).

Expression and purification of FtsY and FtsY-NG

FtsY and FtsY-NG were expressed and purified as described (Montoya
et al., 1997b). Proteins were purified in their apoform, as no GTP or
GDP could be detected in the preparations by reversed-phase HPLC
(Moser, 1998). Protein for the hydrolysis assays was quantified using
Bradford reagent (Bio-Rad) and by measuring the absorption at 280 nm
in 6 M guanidine-HCI using a molar extinction coefficient of 19 630
for FtsY and of 8250 for FtsY-NG.

Preparation of liposomes

Liposomes were prepared from E.coli phospholipids (Avanti Polar
Lipids) by incubating 20 mg/ml phospholipids in 50 mM Tris—HCl
pH 8.0 and 40% glycerol for 5 min on ice, followed by rapid 50-fold
dilution in 50 mM Tris-HC1 pH 7.5 and 50 mM KCI. After 30 min
incubation on ice, liposomes were collected by centrifugation for 20 min
at 120 000 g. Liposomes were resuspended to 4 mg/ml, sonicated three
times for 10 min and stored at —80°C until use.

Preparation of large unilamellar vesicles

Lipid LUVs were prepared by the extrusion technique (Hope et al.,
1985). Multilamellar liposomes prepared in 10 mM Tris—HCl, 150 mM
NaCl pH 7.6 (buffer B) were freeze—thawed five or six times and then
passed 21 times through two stacked 100 nm pore polycarbonate filters
(Nuclepore) in a two-syringe extruder (LiposoFast from Avestin Inc.,
Ottawa, Canada). Either single lipids or different mixtures (as specified)
were used at a concentration of 2—-5 mg/ml.

Floatation gradient centrifugation

Purified FtsY or FtsY-NG (250 ng) was incubated for 10 min at 37°C
in the absence or presence of 50 ug of liposomes prepared from E.coli
phospholipids in 50 mM HEPES pH 7.6, 0.5 M KOAc, 5 mM Mg(OAc),
(buffer A) in a final volume of 25 ul and subjected to floatation gradient
analysis as described (Valent et al., 1998). Fractions were trichloroacetic
acid (TCA) precipitated and analysed by immunoblotting using affinity-
purified alFtsY serum.

Light scattering experiments

LUV and FtsY or FtsY-NG were mixed at a typical concentration of
100 uM (lipid) and 0.1 uM (protein) in buffer B. The turbidity of the
solution was monitored continuously at 405 nm in 96-well flat-bottom
microplates using a reader (UV-Max, Molecular Devices, USA). Between
each reading, the plate was mixed for 3 s to avoid precipitation. For the
salt dependence, solutions containing the reported amount of NaCl were
buffered with 10 mM Tris—HCI pH 7.6.

Monolayer experiments

Monolayer surface pressure was measured essentially as described by
the platinum Wilhelmy plate method in a thermostatically controlled
box, using a Cahn 2000 microbalance (Demel, 1994). Escherichia coli
phospholipids from strains SD12 and HDL11 were prepared according
to Breukink ef al. (1992). Unless stated otherwise, monomolecular lipid
layers were spread from a chloroform solution on a subphase buffer of
50 mM Tris—HCI pH 7.6 and 100 mM NaCl, to give an initial surface
pressure of 25 mN/m. The Teflon dish had a volume of 5 ml and a
surface area of 8.81 cm?. In each measurement, 10 ug of purified protein
(either FtsY or FtsY-NG) were used since this amount of protein was
shown to yield near to maximum insertion levels in pilot experiments.
All buffers were filtered and degassed prior to use.

Protease protection assay

Protease sensitivity of FtsY was studied essentially as described (Kusters
et al., 1995) by incubating 4 pg of FtsY and 200 pg/ml liposomes in
100 ul of Tris—acetate pH 7.5, 10 mM Mg?*-acetate for 10 min at 37°C,
followed by incubation with 8 ng/ul proteinase K (Roche Diagnostics)
at 37°C. Nucleotides (Roche Diagnostics) were included at a concentra-
tion of 2 mM where indicated. The reaction was stopped at the indicated
time points by addition of TCA to a final concentration of 10%. Samples
were analysed by SDS-PAGE, and Coomassie-stained protein bands
were visualized using the FluorS imager.
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Hydrolysis experiments

Hydrolysis experiments were carried out as described (Samuelsson
and Olsson, 1993), with slight modifications. The protein was incubated
in hydrolysis buffer (20 mM Tris-HCI pH 7.5, 65 mM NaCl, 2 mM
MgCly, 1% glycerol). The reaction was started by adding GTP to the
indicated final concentrations (as measured by UV absorption using a
molar extinction coefficient of 13 700 for GTP) along with 10 pCi of
[7—32P]GTP (Amersham). Immediately, a time point at 0 min was taken.
The reactions were stopped on ice in a 12% charcoal slurry containing
10 mM KH,PO4 and 0.1 M HCI. The absorption mix was vortexed
briefly and centrifuged for 10 min at 15000 g. A 150 ul aliquot of
supernatant was transferred to a scintillation cocktail and counted by
Cerenkov counting.

Preparation of membrane-bound protein for FT-IR
experiments

Aliquots of PE:PG LUV (molar ratio 3:7) were diluted to 250 pg/ml in
200 pl of buffer B and incubated with 20 pg/ml of FtsY or FtsY-NG
(lipid to protein molar ratio 833:516). After 1 h at 25°C, the LUVs were
separated from unbound protein by ultracentrifugation (in a Beckman
Optima TL 100 with swing-out rotor TLS 55) at 190 000 g and 5°C for
10 h. The amount of free protein remaining in the supernatant was
estimated by SDS-PAGE. The pellet, consisting of vesicles and bound
protein, was resuspended in 90 pl of water and used for FT-IR analysis.
Controls with the same amount of protein centrifuged in the absence of
the vesicles indicated that the protein alone does not precipitate in
these conditions.

Fourier transform infrared spectroscopy

FT-IR spectra were collected in the attenuated total reflection (ATR)
configuration (Fringeli and Giinthard, 1981) on a Bio-Rad FTS 185
spectrometer with linearized MCT detector and KBr beamsplitter, con-
stantly purged with CO,-free dry air. Ten-reflection Ge crystals (45° cut)
were used in a vertical liquid cell. Typically, 50 interferograms were co-
added at a resolution of 0.5 cm™!. For the soluble form, either 25 pg of
FtsY or 40 pug FtsY-NG in low salt buffer were deposited and gently
dried under nitrogen on one side of the crystal (Arkin et al., 1995). For
the lipid-bound protein, 90 ul of protein—-LUV pellet (see above) were
spread similarly. Deuterated spectra were collected after flushing for
20 min with D,O-rich nitrogen, ensuring equilibration of the fast-
exchangeable amide protons. The relative content of secondary structure
was estimated as described (Menestrina et al., 1999) in accordance with
Byler and Susi (1986) and Goormaghtigh et al. (1990). In the case
of membrane-bound protein, the lipid contribution was removed by
subtracting the spectra of lipid alone weighted to minimize the residual
signal of the phospholipid carbonyl group at 1738 cm™'. Differential
spectra were obtained by subtracting the spectrum of the protein in
soluble form from that of the lipid-bound form, with a weight that
minimizes the remaining integral in the amide 1" region.
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