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Abstract: Integral membrane proteins in bacteria are co-
translationally targeted to the SecYEG translocon for mem-
brane insertion via the signal recognition particle (SRP)
pathway. The SRP receptor FitsY and its N-terminal A
domain, which is lacking in any structural model of FisY,
were studied using NMR and fluorescence spectroscopy. The A
domain is mainly disordered and highly flexible; it binds to
lipids via its N terminus and the C-terminal membrane
targeting sequence. The central A domain binds to the
translocon non-specifically and maintains disorder. Trans-
locon targeting and binding of the A domain is driven by
electrostatic The intrinsically disordered A
domain tethers FtsY to the translocon, and because of its
flexibility, allows the FtsY NG domain to scan a large area for
binding to the NG domain of ribosome-bound SRP, thereby
promoting the formation of the quaternary transfer complex at
the membrane.

interactions.

Co-translational targeting of nascent membrane proteins to
the endoplasmic reticulum of eukaryotic cells or the plasma
membrane of bacteria is elicited via the signal recognition
particle (SRP) pathway. SRP rapidly scans translating ribo-
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somes and targets those synthesizing membrane proteins to
the protein-conducting channel (SecYEG in bacteria),
located in the membrane, by an interaction with the SRP
receptor, FtsY in bacteria. FtsY must be bound to the
membrane to be functional,!'! that is, to recruit SRP and form
the transfer complex at the SecYEG translocon.”) Two
regions of FtsY, the N-terminal A domain and a region at
the interface between A and N domain (membrane targeting
sequence, MTS) (Figure 1a), are involved in lipid binding as
shown by cross-linking experiments.'*3! Cross-linking experi-
ments also indicated that the A domain binds to the exposed
cytosolic C4/C5 loops of SecY.! Unlike the NG domain,
which is fully structured,” the N-terminal A domain is lacking
in any structural model of FtsY, unbound or in complex with
the translocon SecYEG or with SRP bound to a ribosome-
nascent-chain complex (RNC). Therefore, and based on H/D
exchange experiments, the A domain of FtsY was suggested
to be intrinsically disordered.P*

Herein we use solution NMR spectroscopy and fluores-
cence measurements to study FtsY and interactions of the A
domain with membrane phospholipids and SecYEG embed-
ded in E. coli phospholipids containing nanodiscs. We show
with single-residue resolution that the A domain is highly
flexible and exhibits properties of an intrinsically disordered
protein (IDP).! Our data indicate that the positively charged
N-terminal region of the A domain and the C-terminal
membrane targeting sequence (MTS) binds to phospholipids,
presumably adopting an o-helical conformation. Interest-
ingly, we find that the negatively charged central region of the
A domain binds to the translocon non-specifically, most likely
mediated by electrostatic interactions with the positively
charged cytoplasmic loops of SecY and maintaining intrinsic
disorder.

’H"N"C-labeled FtsY as well as a construct comprising
the A domain only, FtsY-A207, were studied by solution
NMR spectroscopy (Supporting Information). A comparison
of "H”N TROSY-HSQC spectra indicates that only the A
domain is visible in the spectra (Figure 1b, see Supporting
Information for further details). Low dispersion of resonances
in the 'H dimension points to intrinsic disorder of the A
domain. Spectral resonance assignment (Supporting Infor-
mation, Figure S1) and secondary structure analysis were
performed as described in detail in the Supporting Informa-
tion. Ca secondary chemical shifts (Figure 1¢) overall show
close to random-coil chemical shifts scattering around zero,
which clearly indicates intrinsic disorder of the A domain. An
exception is the region Aspl52 to Alal61 where positive Ca.
secondary chemical shifts between 1.1 and 1.6 ppm reveal an
increased propensity for o helix formation. For a fully
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Figure 1. NMR spectroscopy of FtsY and FtsY-A207. a) Domain struc-
ture of FtsY. b) Overlay of "H-"*N 2D TROSY-HSQC spectra of
’H"*N"C-enriched FtsY (red) and FtsY-A207 (black). c) Ca secondary
chemical shifts of FtsY-A207. d) {'"H}-""N NOE values (//I,) for
assigned residues of FtsY-A207.

structured o helix, positive Ca secondary chemical shifts
greater than 3 ppm would be expected, suggesting that
o helices in region 152-161 are formed transiently. Strongly
negative outliers (positions 112 and 124) can be attributed to
nearest-neighbor effects of neighboring proline residues.!
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To investigate the dynamic properties of FtsY-A207, we
performed "N NMR relaxation experiments using TROSY-
detection,'” including "N R,, R, (R,,) relaxation experi-
ments and {'H}-"N NOE measurements, which report on
rapid internal dynamics in the pico- to nanosecond time
range. Low {'H}-""N NOE values (Figure 1d) and low "N R,
and R, rates (Supporting Information, Figure S2) indicate
that residues in the region Ile38 to Alal40 of the A domain
are highly dynamic, as expected for an intrinsically disordered
region. By contrast, the N-terminal region (Gly8 to Lys18),
the region Aspl52 to Alal6l, and the visible part of the
membrane targeting sequence (MTS) at the C terminus of the
A domain (Glul88 to Ala197) exhibit higher {'H}-"N NOE
values and higher "N R; and/or R, rates, indicating the
presence of transient secondary structure.

Binding of the A domain to phospholipids in empty
nanodiscs lacking SecYEG was quantified by equilibrium
titration monitored by the fluorescence change of an NBD
label attached to FtsY-A207 at position 26 (Figure2a;
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Figure 2. Phospholipid interactions of FtsY-A207. a) Binding of NBD-
labeled FtsY-A207 to empty lipid nanodiscs monitored by NBD
fluorescence (Supporting Information). Error margins indicate SEM
(n=2) and are smaller than the symbols in several cases. b) Reso-
nance intensities in the "H=""N TROSY-HSQC spectra of 2H">C"*N-
labeled FtsY-A207 measured in the presence of lipid nanodiscs (Iyp)
(Supporting Information, Figure S3b) are plotted relative to those
recorded for the sample without nanodiscs (Is,.) (Figure S3a). For the
plot of absolute intensities, see Figure S4a.

Supporting Information). The binding is of low affinity with
a K, in the um range, similar to the binding of full-length FtsY
to empty nanodiscs studied previously.!'!}

To examine whether there are specific effects of lipid
binding on individual residues of FtsY-A207, we recorded 'H-
N TROSY-HSQC spectra of FtsY-A207 in the presence of
empty lipid nanodiscs and compared resonance intensities to
a sample without nanodiscs (Ixp/lj.., Figure 2b; Supporting
Information, Figures S3a,b, S4a). The central part of FtsY-
A207 (T1e38 to Alal61) shows resonance intensity ratios close
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to 1 (Figure 2b), which indicates that this part of the A
domain does not interact with lipids. However, the N-terminal
region (Gly8 to Lys18) shows reduced resonance intensities
for FtsY-A207 in the presence of nanodiscs, suggesting an
immobilization by interaction with lipids. This observation is
in line with cross-linking data. The most extensive reduc-
tion of resonance intensities, indicating strong binding, is
observed for the region around Leul3 at the N terminus, as
well as for residues belonging to the MTS at the C terminus of
the A domain which disappear completely (Figure 2b),
indicating extensive lipid binding of that region."! The
observed intensity decrease points to an equilibrium between
two populations of FtsY-A207, one bound to lipids (not
visible by solution NMR, because of the slow overall tumbling
of the lipid nanodisc!¥l and concomitant fast decay of
transverse magnetization) and one unbound (visible by
NMR), which are in slow exchange on the millisecond time
scale. Lipid binding of the N-terminus is likely connected to
a-helix formation."? A population shift towards a-helical
conformation caused by lipid binding was observed for
several IDPs.’="]

We monitored binding of FtsY-A207 to the translocon
SecYEG, embedded in phospholipid nanodiscs, by FRET
between an MDCC label in SecY (position 111) and
BODIPY FL (Bpy) at position 167 in FtsY-A207 (Figure 3a;
Supporting Information); for comparison, the binding of full-
length FtsY(Bpyl167) was examined in parallel. For both,
FtsY and FtsY-A207, K, values of 0.18 um were obtained; the
value for FtsY is in accordance with recent measurements.""
The observation of the same affinity for FtsY and FtsY-A207
binding to SecYEG suggests that the A domain has an
important stabilizing role.

BN-'"H TROSY-HSQC spectra of FtsY-A207 show
a strong reduction of resonance intensities for the central
and C-terminal part of the A domain in the presence of
SecYEG embedded in lipid nanodicscs (Figure 3b; Support-
ing Information, Figures S3c, S4b). As this effect was not
observed for empty lipid nanodiscs, it indicates binding of the
A domain to SecYEG. There is an equilibrium between
unbound (visible) and bound (invisible) FtsY-A207, and slow
exchange between the two conformations on a millisecond
time scale. As the reduction of resonance intensities varies for
different residues, the conformational change most likely
does not reflect secondary structure formation upon binding,
as a more uniform decrease would be expected if the bound
population was helical, experiencing similar dynamics. The
binding of the central A domain seems to be transient and
non-specific, with the central disordered A domain sampling
an extended interaction surface on SecY. N-terminal reso-
nances of FtsY-A207 (Gly8 to Lys18) entirely disappear in the
spectra in the presence of the translocon (Figure 3b; Sup-
porting Information, Figures S3 ¢, S4b), indicating enhanced
binding, presumably to lipids in the vicinity of the translocon.

The A domain of FtsY is highly charged (pI=4.08). The
central region between residues Phel5 and Glul88 is
negatively charged (pI =3.72), owing to the high abundance
of glutamic acid (25% of all residues), whereas the N
terminus (Metl to Glyl4) is positively charged, containing
three lysine residues (positions 3, 5, and 6) and one arginine
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Figure 3. FtsY binding to SecYEG. a) FRET titrations. SecYEG labeled
with MDCC at position ST11C of SecY was titrated with FtsY-A207 (0)
or full-length FtsY (e), both labeled with the acceptor fluorophore
BODIPY FL (Bpy) at position A167C. The normalized fluorescence
change of MDCC is plotted. For visual clarity representative error
margins (SEM; n=2) are indicated for the last titration points only.
Fitting to equation 1 (Supporting Information) yields

K;=0.18 £0.02 um for both FtsY and FtsY-A207. b) Resonance inten-
sities in "TH-""N TROSY-HSQC spectra of *H"*C"*N-labeled FtsY-A207
measured in the presence of SecYEG (ly,; Supporting Information,
Figure S3c) are plotted relative to those recorded for the reference
sample with empty nanodiscs (Iyp) (Figure S3b). For the plot of
absolute intensities, see Figure S4b. c) lonic-strength dependence of
FtsY-A207 binding to SecYEG. Titrations of SecYEG(MDCC) in nano-
discs with FtsY-A207(Bpy) were performed as in (a), starting with
buffer A containing 30 mm NH4Cl plus 70 mm KCl. K, values were
determined from titrations performed at increasing concentration of
KCl added to buffer A. Error margins are SEM (n=2) and are smaller
than the symbols for the points at 0.1 and 0.2 m salt.

(position 7; Supporting Information, Figure S5). NMR data
indicate that FtsY is anchored on the negatively charged
phospholipid bilayer by an interaction with its positively
charged N terminus. The same applies for the positively
charged C terminus of the A domain (Lys189 to Lys207), in
line with previous data.'>"! Binding of FtsY to anionic lipids
has been observed previously.' In contrast to the negatively
charged lipid environment, the translocon SecYEG is highly
positively charged (pI around 10), particularly in the exposed
C4/C5 loop region (Supporting Information, Figure S6). We
observe non-specific binding of the negatively charged central
A domain to the positively charged translocon, suggesting

Angew. Chem. 2016, 128, 9696 —9699
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Figure 4. Model of FtsY binding to phospholipids and SecYEG. The
positively charged N terminus of the A domain (blue) is attracted to
the negatively charged lipids and establishes contact with the mem-
brane by a combination of electrostatic and hydrophobic interactions.
Electrostatic attraction between the negatively charged central A
domain (red) and the positively charged and exposed C4/C5 loop
region (blue) of the translocon SecYEG directs FtsY to the translocon.
The NG domain of translocon-bound FtsY searches for the NG domain
of RNC-bound SRP/Ffh (green) to initiate quaternary transfer complex
formation by establishing interactions between the NG domains of
FtsY and Ffh.l"®

that electrostatic interactions are the driving force for FtsY
binding to the translocon. A substantial contribution of
electrostatic interactions to the binding affinity is supported
by the observed reduction of binding affinity (increase in K,)
at increasing ionic strength of the buffer (which will weaken
electrostatic interactions between the A domain and the
translocon; Figure 3c¢).

We propose that the A domain tethers the RNC-SRP-
FtsY complex to the translocon, promoting the formation of
a quaternary transfer complex (Figure 4). The flexibility of
the A domain allows the NG domain to scan a large area for
binding to the NG domain of RNC-bound Ffh/SRP, such that
it can recruit an RNC to the translocon by forming the
heterodimeric complex of the homologous NG domains!!”-!¥l
of translocon-bound FtsY and RNC-bound SRP. Thus the A
domain of FtsY provides an example for an intrinsically
disordered protein region that has a tethering function in
a multicomponent protein assembly and illustrates how
simple physical principles, such as electrostatic interactions,
can drive complex cellular processes, such as the assembly of
the quaternary transfer complex at the membrane.
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