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Co-translational protein targeting to the membrane is medi-
ated by the signal recognition particle and its receptor (FtsY).
Their homologous GTPase domains interact at the membrane
and form a heterodimer in which both GTPases are activated.
The prerequisite for protein targeting is the interaction of FtsY
with phospholipids. However, the mechanism of FtsY regulation
by phospholipids remained unclear. Here we show that the N
terminus of FtsY (A domain) is natively unfolded in solution and
define the complete membrane-targeting sequence. We show
that the membrane-targeting sequence is highly dynamic in
solution, independent of nucleotides and directly responds
to the density of anionic phospholipids by a random coil-helix
transition. This conformational switch is essential for tethering
FtsY to membranes and activates the GTPase for its subsequent
interaction with the signal recognition particle. Our results
underline the dynamics of lipid-protein interactions and their
importance in the regulation of protein targeting and transloca-
tion across biological membranes.

The biogenesis of most membrane proteins and many secre-
tory proteins depends on the signal recognition particle (SRP)*
and the SRP receptor (SR). SRP binds to N-terminal signal
sequences of nascent polypeptide chains at the ribosome (ribo-
some-nascent chain complexes (RNCs)) and acts as an adaptor
between the ribosome and the membrane-embedded translo-
cation channel (1-3). Interaction of SRP with SR (FtsY in bac-
teria and archaea and SR« in eukarya) specifies the target mem-
brane and allows for the precise coordination of RNC release
from SRP and its transfer to the translocation channel. Protein
targeting critically depends on the two homologous GTPases
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present in SRP and SR forming a heterodimer (4). GTP binding
to SRP and SR is required for heterodimer formation and GTP
hydrolysis triggers the dissociation of the SRP-SR complex
which resets the SRP system for a new round of translocation
(5). Although FtsY does not contain a hydrophobic, transmem-
brane sequence, it was shown to be almost exclusively localized
at the membrane (6). FtsY contains three domains: an N-termi-
nal negatively charged A domain of unknown structure and
function and the highly conserved N and G domains that form
a structural and functional unit, the NG domain (7, 8) (see Fig.
1A). The A domain acts as negative regulator of the FtsY
GTPase in a lipid-free environment (9) and was suggested to
participate in membrane interaction of FtsY by its N-terminal
region (10). However, the A domain is not essential in Esche-
richia coli as a truncation variant (termed NG+1) is functional
in vivo (11). It was shown that the FtsY GTPase is activated by
anionic phospholipids (9) and that the membrane interaction of
FtsY is crucial for the release of RNCs from the SRP-FtsY com-
plex (12, 13), which was confirmed recently (14). Membrane
interaction of E. coli FtsY depends on a conserved motifat the N
terminus of the N domain, referred to as membrane-targeting
sequence (MTS) (15). Recently, strong genetic evidence was
provided also for a functional interaction of FtsY with acidic
lipids in vivo (16). However, the precise mechanism of how
membrane lipids activate the FtsY GTPase and a detailed
understanding of the consequences of FtsY-lipid interaction on
SRP-mediated protein targeting are still unknown. Here we
address the molecular mechanisms of the regulation of FtsY by
anionic phospholipids.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—E. coli BL21 (DE3) or
C43 (DE3) were used for the overexpression of SRP and FtsY
constructs. The purification was performed as described previ-
ously (15, 17).

Crystallization, Data Collection, and Structure Determi-
nation—Crystals were prepared by mixing 1 ul of fresh FtsY
protein with 1 ul of reservoir solution containing 0.1 m Hepes
(pH 7.0) and 30% Jeffamine ED-2001 (pH 7.0). All crystals were
grown at 4 °C by the sitting drop vapor diffusion method. Crys-
tals were flash frozen in liquid nitrogen directly or after the
addition of 20% (v/v) ethylene glycol as a cryoprotectant. Data
were collected at 100 K at the European Synchrotron Radiation
Facility in France. Data were processed using iMOSFLM and
SCALA (18). Structures were determined by molecular replace-
ment using CCP4-implemented PHASER (18) with the NG
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domain of FtsY (Protein Data Bank code 1FTS) as a search
model (7). The structures were manually built with Coot (19)
and refined with Refmac 5 (20) and Phenix (21). Refinement
statistics are given in supplemental Table S1. Figures were gen-
erated with PyMol (Schrédinger, LLC).

Amide Hydrogen 'H/°H Exchange (HX)-MS Experiments—
Amide HX-MS experiments were performed similarly to those
described earlier (22, 23). Amide HX was initiated by a 20-fold
dilution of 100 pmol of either FtsY/NG/NG+1 (apo) or FtsY/
NG/NG+1 with an excess of nucleotides into D,O buffer con-
taining 20 mMm Hepes (pD 7.5), 200 mm NaCl, 10 mm MgCl,, and
10 mm KCl at 30 °C. After various time intervals (10 s to 1 h), the
exchange reaction was quenched by decreasing the tempera-
ture to 0 °C and the pH with ice-cold quench buffer (400 mm
KH,PO,/H,PO, (pH 2.2)). Quenched samples were injected
into an HPLC-MS setup as described. The deuteron content of
the peptic peptides covering the FtsY and the NG+ 1/NG con-
structs were determined from the centroid of the molecular ion
isotope envelope. The deuteron content was calculated after
adjustment for deuteron gain/loss during digestion and the
HPLC-MS setup. For this adjustment, non-deuterated and fully
deuterated protein samples were analyzed (24). Fully deuter-
ated samples were prepared by three cycles of drying and
resolubilization in D, O containing 6 M guanidinium hydrochlo-
ride. The 0% control was not treated with D,O.

CD Spectroscopy—Peptides were synthesized at the peptide
synthesis unit of the German Cancer Research Center (DKFZ),
Heidelberg, Germany. Far-UV CD spectra were measured with
a Jasco J-810 spectroscope at 20 °C. 0.3 mm peptide and 6 mm
large unilamellar vesicles (LUVs) were mixed in a buffer con-
taining 5 mM NaH,PO, (pH 7.4). For the measurements, a
quartz cuvette with a 0.2-mm path length was used. The pep-
tide:lipid molar ratio was 1:20. Spectra were the average of 10
acquired scans. The scan rate was 50 nm/min, the bandwidth
was 1 nm, and the sensitivity was 100 millidegrees. The back-
ground signal was subtracted from the final spectra before
expressing values as mean residue molar ellipticity.

Fluorescence Microscopy—The E. coli strain BL21 (DE3)
(Novagen) was used for fluorescence microscopy studies.
Freshly transformed cells were grown overnight on agar plates
containing 1% glucose and the appropriate antibiotics. Cells
were inoculated into LB medium containing 1% glucose and the
appropriate antibiotics. After 3 h of growth at 37 °C, cells were
collected by centrifugation, washed twice, and resuspended in
fresh LB medium (A4, 0.04). The cultures were incubated with
shaking at 30 °C for 4 h (A, 0.6) before induction with 0.1 mm
isopropyl 1-thio-B-p-galactopyranoside. After induction, cells
were grown for additional 30 min to 1 h. Cells were sampled
directly from the culture for microscopy or were fixed for 45
min at room temperature by the addition to the culture of 1.7%
formaldehyde and 0.17% glutaraldehyde. Fixed cells were col-
lected by low speed centrifugation and resuspended in 1X
phosphate-buffered saline (PBS). Microscopic analysis was per-
formed using an Axiovert 200M microscope (Zeiss).

Co-translational Protein Targeting Assay—The co-transla-
tional protein targeting assay was performed as described pre-
viously (25, 26). The model substrate was pre-prolactin (ppl).
Briefly, pre-prolactin was first translated using wheat germ
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extract (Promega) in the presence of [**S]methionine followed
by addition of 7-methyl-GTP. Pre-prolactin translocation
across the microsomal membranes (2—4 eq of TKRM, high salt
washed and partially trypsinized microsomal membranes) was
then initiated by the addition of equimolar amounts (300 nm) of
SRP and FtsY or FtsY variants. After an incubation time of 30
min at 25 °C, the reaction was stopped by TCA precipitation,
and the translocation products were separated by SDS-PAGE
and quantified with a phosphorimaging system (Fuji FLA7000).

GTPase Activity Assay—The GTPase assay was performed as
described previously with slight modifications (27). 100 nm
FtsY was incubated with 100 nm SRP in the presence of 10 um
LUVs (phosphatidylglycerol (PG)). The reaction was per-
formed in a buffer containing 20 mm Tris (pH 7.5), 65 mm NaCl,
2 mM MgCl,, and 1% glycerol. The reaction was started by add-
ing GTP with a final concentration of 10 um supplemented with
2-10 uCi of radioactive y->?P-labeled GTP (Amersham Biosci-
ences). The reactions were incubated at 37 °C and stopped by
transferring a 10 ul aliquot of the reaction into 400 ul of an
ice-cold 12% charcoal slurry containing 10 mm KH,PO, and 0.1
M HCI. The absorption mixture was vortexed and centrifuged
for 10 min in a tabletop centrifuge at 14,000 rpm. 150 ul of
supernatant were transferred into 3 ml of scintillation mixture
(ReadySafe, Beckman) and counted for 1 min by Cerenkov
counting.

RESULTS

Structural and Dynamic Properties of SRP Receptor FtsY—To
understand the structural properties of the complete SRP
receptor FtsY, we determined its crystal structure at 1.6-A res-
olution (supplemental Table S1) (the atomic coordinates and
structure factors have been deposited in the Protein Data Bank
under accession code 2YHS). Compared with the previously
solved crystal structures of the NG and NG+1 variants of FtsY
(7, 15), an additional eight residues (residues 188 —195) were
ordered at the N terminus. The MTS as part of helix aN1 is
thereby extended by two turns (Fig. 1B), implicating a longer
MTS than previously assumed (Fig. 1C). Unexpectedly, the
major part of the A domain (residues 1-187) could not be
assigned to the available electron density, indicating that the A
domain is highly flexible and/or even unstructured. To gain
further insights into the dynamic properties of FtsY in solution,
we performed continuous labeling HX-MS (28 —31). Deuteron
incorporation allows analysis of the global stability and differ-
ent conformational states of a protein (32). FtsY exchanged
about 80% of its exchangeable amide hydrogens in D,O within
1 h (supplemental Fig. S1, A and B). The overall exchange char-
acteristics indicate the presence of highly dynamic, solvent-
accessible regions without extensive, stable hydrogen bonds
typical for proteins with a low amount of secondary structure.
To define the contributions of the A and NG domains to the
global deuteron exchange properties of FtsY, the HX-MS
experiment was repeated with the NG+1 variant. The differ-
ence between the NG+1 variant and FtsY of about 160 fast
exchanging amide hydrogens could be exclusively attributed to
the A domain. These results show that the A domain is highly
dynamic. To identify regions in the A domain that are tightly
folded in solution or are in a rapid unfolding-folding equilib-
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FIGURE 1. Crystal structure of FtsY allows definition of complete MTS.
A, the domain architecture of the E. coli SRP receptor FtsY. The location of the
MTS, the I-box, and the conserved G elements (G7-G5) are indicated. B, super-
position of FtsY (blue) and NG+ 1 (yellow; Protein Data Bank code 2QY9) crys-
tal structures. FtsY and NG+ 1 are shown in ribbon representation. The MTS
present at the N terminus of aN1 is extended in the FtsY structure by two
turns (residues 188-195). N and C termini of FtsY are indicated by “N” and “C,”
respectively. Two ethylene glycol molecules associated to the hydrophobic
face of the MTS are indicated by “EG.” C, N-terminal sequences from various
FtsY variants used in this study. The conserved double phenylalanine motif is
colored in red.

rium, we analyzed deuteron incorporation into peptic peptides
derived from FtsY (Fig. 2, A and B). Briefly, FtsY and the NG +1
variant were digested after the continuous labeling HX reaction
under quench conditions when hydrogen exchange is slow (22).
Peptide fragments with an average size of about eight amino
acids were obtained and subsequently analyzed by liquid chro-
matography-electrospray ionization-mass spectrometry. All
analyzed peptides of the A domain exhibited a high degree of
solvent accessibility with complete deuteration within 10 s (Fig.
2A). These data provide strong evidence that the A domain is
natively unfolded in solution. The absence of secondary
structure elements was confirmed by 'H NMR experiments
performed with an isolated A domain (residues 1-187)
obtained from a proteolytically cleavable FtsY variant (sup-
plemental Fig. S2).

MTS Does Not Respond to Nucleotide-induced Conforma-
tional Changes in FtsY—The kinetics of deuteron incorpora-
tion into peptides derived from the NG+1 variant overall cor-
relates nicely with the crystal structures (7, 15) (Fig. 2B).
However, although the MTS adopts an a-helix in the crystal
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structure that packs against the NG domain (Fig. 1B), in solu-
tion, the MTS is highly dynamic and solvent-accessible (Fig. 2,
A and B). To understand this surprising observation, we asked
whether the presence of nucleotides would influence the
dynamic character of the MTS. We repeated the HX-MS exper-
iments for FtsY, NG, and NG +1 preincubated with an excess of
either GDP or GTP (Fig. 24 and supplemental Fig. S1, A and B).
Comparison of the global exchange kinetics of nucleotide-free
and GDP-, GTP-, or GMP-PNP-loaded states disclosed a simi-
lar behavior for all three analyzed variants (supplemental Fig.
S1). Nucleotide interaction induced a significant reduction of
deuteron incorporation, which suggests a more compact struc-
ture with reduced solvent accessibility and more amide hydro-
gens protected by hydrogen bonds. The reduction of deuteron
incorporation was most prominent in the presence of GDP fol-
lowed by GTP and to a lower extent in the presence of GMP-
PNP. The observed conformational changes are exclusively
localized in the N-G domain interface and in the G domain (Fig.
2A). Regions with a significant degree of nucleotide-induced
protection include the G1, G2, and G4 elements; the switch 1
region; the N-terminal region of helix o5; and the C terminus
containing 88 and the connecting loop to helix 7. Differences
in the deuteration level between different nucleotides could be
assigned primarily to the G1 element (supplemental Fig. S3, A
and B). However, the dynamic character of the MTS did not
change upon addition of nucleotides, indicating that the MTS
secondary structure is not altered by nucleotides. To confirm
that the MTS-dependent association of FtsY with membrane
lipids is not influenced by nucleotides, we performed density
gradient flotation analysis. FtsY was proteolytically cleaved,
and the resulting A and NG+9 domains (supplemental Fig.
S2) were tested for association with phosphatidylglycerol
(Fig. 4A). The A domain was unable to stably interact with
LUVs, whereas its counterpart NG+9 efficiently associated
with LUVs.

MTS Responds to Density of Anionic Phospholipids by Ran-
dom Coil-Helix Transition—Next, we analyzed the secondary
structure of a synthetic peptide representing the minimal MTS
by circular dichroism (CD) spectroscopy. The NG+1 peptide
exhibited a single minimum at 200 nm, typical for a random coil
with no secondary structure present (Fig. 34). This agrees with
the observed HX-MS pattern of this region in the context of
FtsY (Fig. 24). To assess the ability of the peptide to adopt an
a-helical structure, we used trifluoroethanol to artificially
induce helix formation. The presence of trifluoroethanol
induced a random coil-helix transition in the MTS peptide,
showing its ability to form an a-helix in solution (Fig. 3A4).

We previously showed that the MTS is involved in the inter-
action of FtsY with membrane lipids (15). We therefore asked
whether lipid interaction can induce a conformational change
of the MTS. The peptide was analyzed in the presence of LUVs
containing 70% phosphatidylethanolamine (PE) and 30% PG to
mimic the composition of the E. coli inner membrane. Upon
incubation with these LUVs, a change in the mean residual
ellipticity was noticed at shorter wavelengths, which can be
attributed to an increase in light scattering by LUVs. Impor-
tantly, the peptide showed an alteration of the CD spectrum
characteristic for a random coil-helix transition with a red shift
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FIGURE 2. Analysis of dynamic properties of FtsY in solution by HX-MS. A, relative deuteron incorporation in FtsY for the nucleotide-free (apo), GDP-, and
GTP-bound states. Each horizontal block represents an analyzed peptic fragment. Peptides are colored according to the relative deuteron incorporation as
indicated. Secondary structure elements and the positions of the MTS, helix aN1, the G elements (G71-G5), and the I-box are marked above the amino acid
sequence. B, fast and slow exchanging regions are mapped on the crystal structure shown in a ribbon representation. Segments corresponding to peptic
fragments are colored according to the relative deuteron incorporation into the nucleotide-free protein after 10 s and 1, 10, and 30 min in D,0O as indicated.

of the minimum at 200 nm to 208 nm and the minimum at 222
nm becoming more pronounced (Fig. 34). In contrast, LUVs
with zwitterionic lipids (PE/phosphatidylcholine) did not
induce this transition, emphasizing the importance of anionic
phospholipids (Fig. 34). The maximal transition in secondary
structure was dependent on the anionic phospholipid concen-
tration in the LUVs (Fig. 3B). This shows that the MTS
responds directly to the density of negative charges at the LUVs
and suggests that the MTS is tuned for the lipid composition of
the E. coli inner membrane.

We have shown previously that truncation of the first 196
residues or mutating Phe-196 to Ala completely abolishes
receptor activity in vivo (15). Peptides derived either from the
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inactive NG variant or the NG+1 F196A mutant failed to
undergo a random coil-helix transition in the presence of phys-
iologically relevant amounts of anionic phospholipids (Fig. 3, C
and D). The CD data clearly demonstrate that peptides harbor-
ing the inactive variants (NG and NG+1 F196A) lack secondary
structure both in the absence and in the presence of lipids and
are therefore unable to respond to lipids. Only when LUVs
enriched in anionic phospholipids were used the binding of the
NG variant was enhanced (Fig. 4, B and C), accompanied by
partial folding (Fig. 3B). This provides a mechanistic and struc-
tural basis for the recently described stabilization and activa-
tion of the NG variant in E. coli cells enriched in anionic phos-
pholipids (16).
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FIGURE 3. Anionic phospholipids induce random coil-helix transition of the MTS. Three different MTS peptides were analyzed by CD spectroscopy in the
absence of LUVs (white) and the presence of plasma membrane-mimicking LUVs (70% PE and 30% PG; red) and LUVs composed entirely of zwitterionic
phospholipids (70% PE and 30% phosphatidylcholine (PC); blue). Samples were treated with 83% trifluoroethanol (TFE) to induce random coil-helix transition
(vellow). The MTS of NG+ 1 (NG + 1P°P; MFARLKRSLLKTKENLG) (A), MTS of the NG+ 1 F196A variant (NG + 1 F196AP¢P; AARLKRSLLKTKENLG) (C), and MTS of the NG
variant (NG”*?; ARLKRSLLKTKENLG) (D) are shown. Only the in vivo functional MTS (NG + 1 peptide) undergoes a random coil-helix transition upon interaction
with anionic phospholipids. B, secondary structure transition of the three MTS variants is shown as a function of the concentration of anionic phospholipids.
The physiologically relevant PG concentration is indicated by a vertical red line. POPG, 1-palmitoyl-2-oleoyl-phosphatidylglycerol. The mean residue ellipticity
is shown in degrees cm? dmol " residue ™" (deg cm? dmol~ " res™"). E, close-up of the MTS as part of the FtsY structure. The MTS is shown in ribbon represen-
tation. The pronounced amphipathic character of the MTS is indicated by a network of bound water molecules at the hydrophilic side and the presence of two

ethylene glycol molecules at the hydrophobic side.

To analyze the F196A variant in the context of FtsY, we per-
formed lipid interaction studies with different FtsY variants
(FtsY F196A, FtsY F195A/F196A, and FtsYA188 —196; Fig. 4D).
All three FtsY variants showed a severe reduction in their inter-
action with LUVs enriched in anionic phospholipids. These
experiments suggest that besides the electrostatic component
of the MTS-lipid interaction a hydrophobic component plays a
major role. Support for this model comes from two ethylene
glycol molecules that pack between the hydrophobic face of the
amphipathic helix and the protein core in the crystal structure
of FtsY (Fig. 3E). Ethylene glycol molecules could be viewed as
indicators for the position of the glycerol moiety of the phos-
pholipid head groups in the context of the lipid bilayer. Inter-
estingly, ethylene glycol interacts with the conserved Phe-195
and Leu-199 residues, which are essential for FtsY interaction
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with phospholipids. By contrast, the hydrophilic face of the
helix is involved in a continuous network of water molecules,
indicating the helix orientation at the membrane.

Efficiency of Protein Translocation Requires Complete MTS—
To address the membrane targeting properties of the MTS in
vivo, three peptides (representing the MTS of NG, NG+1
F196A, and NG+1; Fig. 1C) were tested for their ability to tar-
get GFP to the E. coli membrane. N-terminally tagged GEP with
the MTS of either NG or NG+1 F196A was uniformly distrib-
uted in the cytoplasm, showing its inability to interact with the
membrane in vivo (Fig. 5A). In contrast, a GFP with the MTS of
NG+1 resulted in a predominantly peripheral localization.
These results indicate that the NG+1 MTS is necessary and
sufficient for binding to the plasma membrane in vivo and rep-
resents the minimal functional MTS. The crystal structure of
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FIGURE 4. Lipid binding properties of FtsY variants. A, the nucleotide dependence of NG+9 and A domain binding to LUVs (PG) was investigated by density
gradient flotation analysis. The LUV and pellet fractions are labeled with “L” and “P,” respectively. Band C, binding of NG, NG+1, NG+9, and AN1 FtsY to LUVs
containing different molar ratios of PG, PE, and cardiolipin (CL). The AN1 FtsY lacks the complete MTS sequence and was used as a negative control. D, binding
of full-length FtsY and different MTS variants to LUVs (PG). The amount of protein bound to LUVs is given as percentage of total protein. For lipid binding
studies, 20 ug (5-10 um) of proteins and 1.8 mm phospholipids in the absence or presence of 2 mm nucleotides were used. E, ability of FtsY, NG+1 F196A, and
FtsY F195/196A to support membrane translocation of the SRP model substrate ppl. The inset shows the SDS-PAGE used to separate ppl and prolactin (pl). The
efficiency of ppl translocation was quantified and is given in percent relative to FtsY. The error bars represent the standard deviation between three indepen-

dent measurements. POPG, 1-palmitoyl-2-oleoyl-phosphatidylglycerol.

FtsY suggested that the MTS is longer than previously thought.
To test the impact of MTS length on protein targeting, we used
awell established protein translocation assay (25). An N-termi-
nally extended NG+2 variant was compared with NG and
NG+1 for its ability to support membrane insertion of ppl (Fig.
5B). When the translocation experiments were performed with
the NG variant defective in lipid interaction, a diminished
translocation activity was observed, in line with its inactivity in
vivo (15). Next, we assessed the translocation efficiencies for
NG+1 and NG+2 variants, which are competent for lipid
interaction. NG+1 showed about 30% translocation efficiency
with respect to FtsY, explaining its ability to complement for FtsY

23494 JOURNAL OF BIOLOGICAL CHEMISTRY

depletion in vivo. Extending the MTS further by only one addi-
tional phenylalanine residue (Phe-195; NG+2) increased the
translocation efficiency to about 60% with respect to FtsY, indicat-
ing an enhanced lipid interaction. The diminished translocation
efficiency observed for the NG+1 F196A and FtsY F195A/F196A
variants (Fig. 4E) nicely correlates with the observed decrease in
lipid interaction (Fig. 4D). Our results show that protein translo-
cation depends on a functional MTS, and the efficiency of protein
translocation correlates with the length of the MTS.
Lipid-induced Conformational Change Restricts Activity of
FtsY to Membrane—After the correct localization of FtsY at the
membrane, protein translocation requires the formation of the
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FIGURE 5. MTS is functional in vivo and in vitro. A, fluorescence micrographs of the localization of the MTS of NG+ 1 (left), NG (middle), and NG+ 1 F196A (right)
fused to the N terminus of GFP. The inset shows the magnification of a representative E. coli cell. The Western blot shows that all MTS-GFP fusions were
expressed in E. coliat similar levels after 1 h of induction. B, ability of FtsY,NG+1,NG+2, and NG to support membrane translocation of the SRP model substrate
ppl. The inset shows the SDS-PAGE used to separate ppl and prolactin (p/). The efficiency of ppl translocation was quantified and is given in percent relative to
FtsY.Theerror bars represent the standard deviation between three independent measurements. An FtsY variant that contains a functional MTS but is defective
in reciprocal GTPase activation in the context of SRP (NG+1 A335W variant) (26) was used as a control and shows a similar translocation defect as observed for
NG. C, anionic phospholipids stimulate both the basal GTPase activity of FtsY and its complex assembly with SRP.

SRP-FtsY heterodimer in which both GTPases are activated
(26). Only FtsY variants that contain at least a minimal MTS are
functional in vivo and can be activated in GTP hydrolysis upon
SRP interaction (13). In the crystal structure of the SRP-FtsY
GTPase heterodimer, aN1 of the N domain is absent in both
proteins (33, 34). Deletion of FtsY aN1 greatly facilitates SRP-
FtsY complex formation and enhances basal GTP hydrolysis
(35), similar to what we observed in the presence of phospho-
lipids. We hypothesized that phospholipid interaction of the
MTS results in a similar conformation of aN1 as seen in the
SRP-FtsY heterodimer. We determined the rate of GTP hydro-
lysis in the SRP-FtsY complex in the presence and absence of
phospholipids (Fig. 5C). Although FtsY was significantly stim-
ulated upon lipid interaction, the stimulation of the SRP-FtsY
complex by far exceeded the stimulation of the individual com-
ponents. In summary, our data indicate that the phospholipid-
induced structural change in the MTS of FtsY is required for
efficient SRP-FtsY complex formation. The MTS-mediated
lipid association represents a checkpoint in protein targeting
and restricts the activity of FtsY to the membrane.

DISCUSSION

The SRP system works predominantly co-translationally and
coordinates two cellular machines, a translating ribosome and

JULY 1,2011-VOLUME 286+NUMBER 26

the membrane-embedded SecYEG translocation channel. The
ability of FtsY to bind to lipids is essential for its in vivo function.
Here we address the dynamic properties of FtsY in solution and
its response to lipids. Our previous work showed that FtsY-lipid
interaction is mediated by an MTS present in aN1 of the FtsY N
domain. However, mechanistic and structural insights were not
available. Although the MTS adopts a helical conformation in
the crystal structures of FtsY (Ref. 15 and this study), we show
that the MTS is highly dynamic in solution. Previous studies
showed that FtsY has a preference for anionic phospholipids
(9), whereas other studies also suggested a role of zwitterionic
lipids (36). The current study clarifies that only the interaction
with anionic phospholipids triggers a random-coil helix transi-
tion of the MTS. This conformational change, which might
enable FtsY to sense local lipid distributions in the membrane,
depends on the concentration of anionic phospholipid head
groups. The in vivo relevance of a functional interaction of FtsY
with acidic lipids has been shown recently (16). The dominant
negative phenotype of the inactive NG variant can be sup-
pressed, and NG is stabilized by expression of PgsA, which
increases the amount of anionic phospholipids (cardiolipin and
phosphatidylglycerol) in E. coli. This supports the idea that the
MTS of FtsY is tuned to the anionic phospholipid content of the
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SecYEG

FIGURE 6. Scheme of SRP-mediated protein targeting. FtsY (green) is
shown with the A domain (black) and the MTS (red). Prior to membrane inter-
action, the MTS is dynamic (red line) and undergoes a random coil-helix (red
helix) transition upon interaction with anionic phospholipids, which are
enriched at the SecYEG translocation channel (Step 7). This conformational
switch allows subsequent interaction of FtsY with the RNC-SRP in a GTP-de-
pendent manner (Step 2). Upon SRP-FtsY interaction, the two GTPases pres-
ent in both proteins are activated (Step 3), and the cargo protein is inserted
into the membrane (Step 4). GTP is indicated by T.

E. coli membrane. Lipid segregation in bacterial membranes is
well documented (37) and might restrict binding of FtsY to
specific sites at the inner membrane. Indeed, anionic phospho-
lipids have been found to be enriched at the SecYEG transloca-
tion channel (38). Therefore, the lipid-dependent conforma-
tional switch of the MTS may serve in the specific targeting of
FtsY at the correct location. The function of a number of GTP-
and ATP-binding proteins, e.g. MinD (39, 40) and RGS4 (41),
also relies on specific membrane localization. In these cases, the
MTS undergoes a similar random-coil helix transition in the
presence of anionic phospholipids as shown here for FtsY. A
lipid-dependent conformational change of the MTS seems to
be a common theme used by different proteins for membrane
targeting. Previous work showed that anionic phospholipids
induce a conformational change in FtsY and stimulate its basal
GTPase activity (9). Our data show that the structural transi-
tion of the MTS is essential for a lipid-induced conformational
change within the NG domain, resulting in GTPase activation.
The interaction of FtsY with lipids and the lipid-induced con-
formational change of the MTS are nucleotide-independent,
indicating that lipid association of FtsY via its MTS is indepen-
dent from its GTPase cycle. The recently shown predominant
membrane association of FtsY supports this idea (6), while
another study suggests that SRP facilitates the lipid association
of FtsY (14).

We suspect that the MTS-lipid interaction is a prerequisite
for the GTP-dependent association of FtsY with the RNC-SRP
complex. Indeed, preformed RNC-SRP-FtsY complexes do not
allow efficient membrane interaction (6). Therefore, localiza-
tion of FtsY at the membrane/SecYEG translocon needs to be
ensured prior to its association with the RNC-SRP complex
(Fig. 6). RNC-SRP interaction provides another checkpoint
within the process (42) and could be viewed as the counterpart
of the FtsY-lipid interaction. SRP-FtsY heterodimer formation
depends on the presence of GTP in both catalytic half-sites and
requires significant structural rearrangements that include a
rotation of up to 30° of the N versus the G domain and a release
of aN1 from the four-helix bundle of the N domain (33, 34).
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SRP was shown to undergo significant rearrangements upon
RNC interaction that allow for efficient interaction with FtsY
(42-44). Likewise, the lipid-induced structural transition of the
MTS as part of aN1 triggers a conformational switch, which
prepares FtsY for subsequent interaction with the RNC-SRP
probably by detaching aN1. The presence of anionic phospho-
lipids significantly enhanced SRP-FtsY complex formation.
Furthermore, we show that a compromised MTS-lipid associ-
ation leads to complete failure of protein translocation. There-
fore, the described conformational switch constitutes a central
element in the coordination of membrane lipid binding with
the RNC-SRP-FtsY interaction.

How FtsY is initially targeted to membrane remains unclear.
An attractive model proposes a co-translational targeting of
FtsY to the membrane (45, 46), which relies on the A domain.
The natively unfolded character of the A domain may allow it to
serve as a flexible linker associating ribosomes with the inner
membrane. However, further experiments are needed to clarify
whether the A domain interacts exclusively with lipids as sug-
gested (10) or whether a yet undefined protein component con-
tributes to its membrane interaction. In eukaryotes, the N ter-
minus of the A domain (X2 domain) of SRa is permanently
tethered to the transmembrane protein SRS via a longin
domain interaction (47-49). Taken together, our results
underline the importance of membrane lipids in the spatiotem-
poral restriction of protein activity to membranes, and we envi-
sion that other membrane-associated protein complexes have
adapted similar mechanisms.
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