L T

/

1\

=y

CrossMark
& click for updates

Structural basis for the geometry-driven localization of

a small protein

Richard L. Gill Jr.*", Jean-Philippe Castaing®’, Jen Hsin“’, Irene S. Tan®9, Xingsheng Wang?, Kerwyn Casey Huang“®?,

Fang Tian®?, and Kumaran S. Ramamurthi®2

2Department of Biochemistry and Molecular Biology, College of Medicine, Pennsylvania State University, Hershey, PA 17033; ®Laboratory of Molecular
Biology, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892; “Department of Bioengineering, Stanford University, Stanford, CA
94305; “National Institutes of Health-Johns Hopkins University Graduate Partnerships Program, Baltimore, MD 21218; and ®Department of Microbiology

and Immunology, Stanford University School of Medicine, Stanford, CA 94305

Edited by Joe Lutkenhaus, University of Kansas Medical Center, Kansas City, KS, and approved March 5, 2015 (received for review December 15, 2014)

In bacteria, certain shape-sensing proteins localize to differently
curved membranes. During sporulation in Bacillus subtilis, the only
convex (positively curved) surface in the cell is the forespore, an ap-
proximately spherical internal organelle. Previously, we demonstrated
that SpoVM localizes to the forespore by preferentially adsorbing
onto slightly convex membranes. Here, we used NMR and molecular
dynamics simulations of SpoVM and a localization mutant (SpoVMP*)
to reveal that SpoVM's atypical amphipathic a-helix inserts deeply
into the membrane and interacts extensively with acyl chains to sense
packing differences in differently curved membranes. Based on bind-
ing to spherical supported lipid bilayers and Monte Carlo simulations,
we hypothesize that SpoVM's membrane insertion, along with poten-
tial cooperative interactions with other SpoVM molecules in the lipid
bilayer, drives its preferential localization onto slightly convex mem-
branes. Such a mechanism, which is distinct from that used by high
curvature-sensing proteins, may be widely conserved for the localiza-
tion of proteins onto the surface of cellular organelles.
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Subcellular protein localization studies typically focus on the
sorting of proteins across tens of microns, such as vesicle-
mediated transport of cargo destined for a particular cellular
organelle (1). Mechanisms by which proteins correctly localize
within shorter length scales of a few microns or less, such as
organization within the confines of bacterial cells, are less well
understood (2). In bacteria, many proteins that will undergo
localization are synthesized in the cytosol and then diffuse to the
correct destination (3), where they are captured by a prelocalized
landmark, typically a protein or a lipid (4). In this “diffusion and
capture” model, it remains largely unresolved how the landmark
itself recognizes its own correct location, although several mech-
anisms have been proposed (reviewed in ref. 5). For example,
proteins that are recruited to the cell division site may be left
behind after cytokinesis to form a scar that identifies one pole of
a rod-shaped bacterium (6, 7). Proteins can also use clustering
interactions to define the longest axis of the cell; in rod-shaped
bacteria, this self-assembly mechanism can be used to mark and
recruit proteins to the poles (8, 9). Moreover, the architecture of
the bacterial cell itself, such as convex (positively curved) and
concave (negatively curved) membrane surfaces, may provide
geometric cues for the localization of landmark proteins (10, 11).

During spore formation in the bacterium Bacillus subtilis, the
rod-shaped cell elaborates a spherical internal organelle, the
“forespore,” which eventually becomes a dormant spore (Fig. 14)
(12). A tough proteinaceous shell (the “coat”) composed of pro-
teins made in the outer “mother cell” is built around the forespore
and protects the genetic material in the dormant spore from en-
vironmental insults (13). Assembly of the coat begins with a base-
ment layer (14, 15), the structural protein of which is an unusual
cytoskeletal protein that polymerizes into a static structure via
a mechanism requiring both ATP binding and ATP hydrolysis (14,
16-19). This protein is anchored onto the surface of the fore-
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spore (20) by the small (26 aa) amphipathic a-helical protein
SpoVM (21-23). Interestingly, substitution of a Pro residue at
position 9 of SpoVM resulted in the promiscuous mislocalization
of SpoVMF*A in vivo, suggesting that this residue is critical for
the recognition of a forespore landmark that mediates SpoVM
localization (Fig. 1B) (23).

Previously, we demonstrated that the landmark recognized by
SpoVM is the slightly convex membrane surface of the fore-
spore, the only convex surface in the mother cell cytosol (24).
Membrane curvature recognition depends on a complex interplay
of protein-lipid, protein—protein, and lipid-lipid interactions.
Recent studies have suggested two major mechanisms for the
sensing of membrane curvature. Some sensor proteins may di-
rectly recognize specific membrane geometries through a scaf-
folding mechanism in which the structure of the sensing protein
closely matches the curvature of a membrane surface (25). Other
curvature-sensing molecules shallowly insert hydrophobic regions,
such as an amphipathic helix, into one leaflet of the bilayer to
detect stress due to lipid packing defects (26, 27). A high density of
packing defects in the lipid headgroup region of the outer leaflet
of ~50-nm-diameter vesicles has been implicated in the recogni-
tion of highly curved membranes (28). However, this mechanism
does not address how slightly curved membranes, such as the outer
surface of the forespore, are recognized.
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membranes, a distinct curvature-sensing mechanism from those
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Fig. 1. SpoVM, but not SpoVMP®, preferentially localizes to convex mem-
branes. (A) Schematic of a sporulating B. subtilis cell, in which the rod-shaped
mother cell (MC) elaborates a spherical internal organelle termed the fore-
spore (FS). SpoVM (green) is produced exclusively in the MC and localizes to
the FS surface. Membranes are depicted as black lines. (B) Fluorescence
micrographs of sporulating B. subtilis cells. In vivo localization of SpoVM-GFP
(Left) or SpoVMPPA-GFP (Right). Overlay of GFP signal (green) and membranes
(red) visualized using the fluorescent dye FM4-64. (C) Fluorescence micro-
graphs of SSLBs 2 or 8 um in diameter that were incubated with increasing
concentrations of purified SpoVM-GFP (Upper) or SpoVM™A-GFP (Lower).
Aggregate GFP fluorescence across several z-stacks (top of each data set) is
depicted in green; the bottom of each data set shows the overlay of GFP
fluorescence (green) and SSLBs visualized by differential interference contrast
(DIC) microscopy (blue). Arrow: bead displaying a nonuniform pattern of
fluorescence; arrowhead: bead displaying little or no fluorescence (see Fig. S1
for magnified view). (D) Quantification of SpoVM-GFP fluorescence on 2-um
(red) or 8-um (orange) SSLBs or SpoVM™A-GFP on 2-um (light blue) or 8-um
(blue) SSLBs per square micron, as a function of protein concentration. Each
data point represents the mean intensity of 30-52 SSLBs; errors bars are SEM;
data were fit with an allosteric sigmoidal model.

Here, we develop an in vitro assay based on spherical sup-
ported lipid bilayers (SSLBs) to quantify SpoVM adsorption; we
solve the NMR structures of SpoVM and the SpoVM®*2 variant;
and we perform long-timescale molecular dynamics simulations
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to probe their dynamic interactions with membranes. Using Monte
Carlo simulations, we show that, unlike proteins that sense highly
curved surfaces, SpoVM likely relies on a combination of small
increases in binding affinity and cooperativity to localize to slightly
convex membranes with curvature similar to that of the forespore.
NMR studies and molecular dynamics simulations reveal that the
SpoVM structure represents an atypical amphipathic a-helix deeply
embedded in the membrane, unlike many molecules sensitive to
highly curved membranes that shallowly insert into the membrane.
Our data indicate that SpoVM exploits a novel mechanism for
recognition of slightly curved membranes, appropriate for acting as
a landmark of the forespore geometry.

Results

A Previously Unidentified Mechanism for Curvature-Mediated Adsorption
of SpoVM. To determine the biochemical basis for the preferential
adsorption of SpoVM onto slightly convex membrane surfaces, we
first sought to generate a saturation-binding curve by incubating
membrane surfaces of a given curvature with a range of concen-
trations of purified SpoVM-GFP. Previously, we demonstrated
that purified SpoVM-GFP selectively bound to lipid vesicles
similar in size to the forespore in a mixture of giant unilamellar
vesicles of various sizes (24). In the current investigation, we
eliminated limitations associated with giant unilamellar vesicles
(variability in vesicle size and associated variability in membrane
stiffness) by using SSLBs, in which a single phospholipid bilayer is
assembled on the surface of silica beads of defined size (29, 30). In
addition to providing a more strictly defined membrane radius of
curvature (determined by the diameter of the silica bead), the use
of a supported bilayer system eliminates osmotic-dependent
variability in membrane tension across vesicle curvatures (31).

We generated 2- and 8-pm SSLBs (Materials and Methods) and
incubated them with increasing concentrations of purified
SpoVM-GFP or SpoVMFPA-GFP. At the lowest concentration of
SpoVM-GFP tested (0.3 pM), the protein bound to the surface
of the 2-pm beads, but was largely absent from the surface of the
8-um beads (Fig. 1C, Upper), suggesting preferential binding to
more positively curved surfaces. At higher concentrations of
SpoVM-GFP, fluorescence intensity increased on the surface of
both types of beads, but more rapidly on the 2-um beads; at 13 pM
SpoVM-GFP, the protein bound approximately equally well to
both 2- and 8-ym beads (Fig. 1C, Upper). In contrast, purified
SpoVMP?A-GFP adsorbed similarly to both the 2- and 8-ym beads
at all protein concentrations we tested (Fig. 1C, Lower), suggesting
that SpoVM"*A-GFP does not discriminate between differently
curved surfaces in vitro.

At low concentrations of SpoVM-GFP, but not SpoVMPQA-GFP,
we noticed that some 2-pm beads displayed obvious qualitative
signs of binding, but other 2-ym beads were almost completely
devoid of fluorescence signal (Fig. 1C, arrowhead; magnified
view and distribution of quantified fluorescence signals in Fig.
S1). We hypothesized that this bimodal distribution of fluores-
cence was due to a clustering interaction between SpoVM-GFP
molecules in which subsequent binding events were positively
influenced by SpoVM molecules that had already adsorbed.
Consistent with this hypothesis, we observed that the spatial
pattern of SpoVM-GFP fluorescence on smaller beads at lower
concentrations was often nonuniform (Fig. 1C, arrow; Fig. S14),
whereas the adsorbance of SpoVMF**-GFP was more uniform
(Fig. 1C, Lower).

To quantify the binding of SpoVM and SpoVMF** on dif-
ferently curved surfaces, we integrated deconvolved fluorescence
intensities across multiple z-stacks for many beads and measured
the mean fluorescence intensity per square micron of surface
area as a function of SpoVM-GFP or SpoVM®?A.GFP concen-
tration (Fig. 1D). Fitting these saturation-binding curves to an
allosteric sigmoidal model revealed differences in the parameters
that described the adsorption of SpoVM-GFP onto either 2- or
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8-pm SSLBs. The fitted By, values were not appreciably dif-
ferent (Table 1), suggesting that the number of SpoVM-GFP
binding sites per square micron was similar on the two surfaces
and therefore did not contribute to the preferential binding of
SpoVM-GFP onto the smaller beads. Thus, our results strongly
indicate that SpoVM discriminates between surfaces with slight
differences in curvature via a different mechanism than the one
used by other amphipathic a-helices that recognize extremely
highly curved surfaces (28).

The Hill coefficient for SpoVM-GFP binding onto 8-pm beads
was 1.1 = 0.1 (Table 1), suggesting little to no cooperativity,
whereas the Hill coefficient for 2-pm beads was 1.7 + 0.2 (Table
1), indicating a slight increase in binding cooperativity (32). The
binding curves also revealed a difference in the half-maximal
concentration of binding between the two bead geometries, with
Ky, = 1.18 + 0.31 pM for 2-pm beads and 3.64 + 0.52 pM for
8-pm beads (Table 1), indicating an approximately threefold
higher affinity of SpoVM -GFP for the more convex surfaces. In
contrast, SpoVMF*-GFP did not display noticeable differences
between its adsorption onto 2- or 8-um beads (Table 1), cons1stent
with its promiscuous localization in vivo. Interestingly, SpoVMF”
GFP bound with almost twofold higher affinity than wild- type
SpoVM GFP did to 2-pm beads, and also had a slightly higher

Binax (Table 1) indicating that more binding sites were available
for SpoVMFP?*.GFP. Finally, the GFP fusion did not influence
the ability of SpoVM to preferentially bind to more convex
surfaces, because SpoVM labeled with an organic fluorescent
dye behaved similarly to SpoVM-GFP (Fig. S2).

Taken together, these data indicate that SpoVM preferentially
binds onto membranes similar in curvature to the surface of the
forespore compared with flatter surfaces via a new mechanism
involving a small degree of cooperativity and a modest increase
in intrinsic affinity, rather than any increase in the density of
binding sites (28).

Curvature-Dependent Adsorption Through Slight Increases in Binding
Cooperativity and Affinity. To better understand how small increases
in binding cooperativity and affinity result in preferential absorp-
tion, we conducted Monte Carlo simulations to mimic the binding
of SpoVM molecules onto the surfaces of 2- and 8-um beads
(Fig. 2). In these simulations, we varied two parameters, kg on/k2 on,
the ratio of on rates in the absence of cooperativity between the
two bead sizes to reflect an affinity difference, and E,, the cooper-
ativity energy, such that all nearest-neighbor sites of a bound SpoVM
undergo an increase in binding rate by the factor exp(E./kgT). For
simplicity, we represented the beads as periodic 2D square lattices,
such that each binding site has n = 4 nearest neighbors. As a pos-
itive control, we first simulated SpoVM adsorption when the on
rate was equal for both bead sizes, in the absence of cooperativity
(Fig. 24). As expected, in this condition SpoVM molecules did
not discriminate between 2- and 8-pum beads, binding equally well
to both surfaces as a function of protein concentration. Next,
we increased cooperativity while maintaining an equal on rate
(ks on'k> on = 1; Fig. 2 B-F). Under these conditions, SpoVM
molecules bound strongly to both 2- and 8-um beads, with no
curvature preference.

Table 1.
curved surfaces

We then introduced a small preference for SpoVM adsorption
onto the 2-pym beads (kg on = 0.8 k> on) While incrementally in-
creasing cooperativity (Fig. 2 G-L). With only a 20% difference
between kg on and k; op, binding to the 2-um beads was accel-
erated by the nonzero E,, because each bound SpoVM molecule
increased the affinity of its nearby binding sites for free SpoVM
molecules, resulting in the net preferential adsorption of SpoVM
onto the more convex surface (Fig. 2 G-L). In these simulations,
clustering was evident on both bead types, particularly on the 2-ym
beads due to the accelerated binding (Fig. S3), consistent with the
heterogeneity in fluorescence we observed experimentally (Fig.
1C; Fig. S1). The difference in binding between 2- and 8-pm
beads initially increased when cooperativity was introduced, but
saturated at higher cooperativity. Our Monte Carlo simulations
therefore indicate that geometric cue-mediated binding of SpoVM
requires only a small increase in affinity for more convex surfaces
in combination with modest cooperativity.

SpoVM and SpoVMP? Structures in Bilayer-Like Bicelles. To deter-
mine whether a particular structural feature of SpoVM was al-
tered upon substitution of Pro9 with Ala, which in turn abolished
geometric cue recognition by SpoVM, we determined the struc-
tures of SpoVM and SpoVMF* in isotropic bicelles using solu-
tion NMR (Table S1). Compared with the highly curved surfaces
of micelles, the planar surface of disk-like bicelles better mimics
the very slightly curved (almost planar) outer surface of the
forespore. The solution structures of SpoVM (Fig. 34) revealed
two interesting features. First, instead of forming a long amphi-
pathic a-helix, the actual helical region of SpoVM is short and
extends only from residues 11 to 23 (Fig. 34). Moreover, this
helix is not a typical amphipathic a-helix, because roughly two-
thirds of its face consists of hydrophobic residues and its hydro-
philic face contains only one positively charged residue (R17) and
three Gly residues (G13, 14, and 21). Second, residues 5-8 form
a loop (Fig. 34). NMR relaxation measurements indicated that
this loop is flexible (Fig. 3D; Fig. S44) and may transiently in-
teract with some of the helical residues because replacement of
Ile6 in the loop with Ala perturbed resonance from nearby resi-
dues 3-8 and helical residues 11-14 (Fi ig. S5).

In contrast, the structure of SpoVM"™* (Fig. 3B) revealed that
substitution of Pro, a known helix-breaker, at position 9 with an Ala
resulted in a straight amphipathic o-helix. Rearrangement of the
N-terminal loop in SpoVM to a helix in SpoVM?** was consistent
with extensive and large chemical shift perturbations in their
TROSY spectra (Flg 3C) and with increased backbone steady-state
heteronuclear "’N-{'"H} NOE:s for residues 3-8 (Fig. 3D Fig. S4).
In addition, the circular dichroism spectra of SpoVM®** displayed
a somewhat higher helical content than those of SpoVM (Fig. S6).
As a result of this structural change, the Lys residues of SpoVM®#
at positions 7 and 10 align with the polar face of the helix. This
change, along with the presence of R17, increases the number of
positively charged residues on the polar face from just one in
SpoVM to three in SpoVM®* (Fig. 3 A4 and B, Lower), sug-
gesting the pos51b111ty of increased electrostatic interactions be-
tween SpoVM"** and phospholipid head groups. Taken together,

Parameters for the allosteric sigmoidal fit for SpoVM-GFP and SpoVMP?2-GFP adsorption onto differently

Protein (bead diameter)

SpoVM-GFP (2 pm)

SpoVM-GFP (8 um)

SpoVMPA-GFP (2 pm) SpoVMPA.GFP (8 pm)

Bimax, Units/um? 143,125 (+ 4,487)
H 1.7 (£ 0.2)
K12 pM 1.18 (+ 0.31)

139,618 (+ 12,491)
1.1 (x0.1)
3.64 (+ 0.52)

167,977 (+ 6,014)
1.2 (x0.2)
0.56 (+ 0.14)

197,454 (+ 7,520)
1.4 (x0.2)
0.77 (+ 0.23)

Bmax, maximal binding value; h, Hill coefficient; K/, concentration of protein producing half maximal binding. Errors are SEM (n = 30-52).
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Fig. 2. Slight increases in cooperativity and affinity are sufficient for pref-
erential localization of SpoVM onto convex membranes. Monte Carlo sim-
ulations (S/ Materials and Methods) of SpoVM molecules binding onto 2-um
(green) or 8-upm (red) beads as a function of increasing number of SpoVM
molecules as the cooperative energy (E,, in units of kgT) was increased from
0 to 2.5. (A-F) On rate for adsorption onto 2- and 8 um- diameter beads is
equal (kg on = k2 on)- (G-L) On rate for adsorption onto 8-um-diameter beads
is 20% less than that onto 2-pm diameter beads (kg on = 0.8k on).

our NMR data provide the structural basis for the critical role of
the Pro9 residue for curvature sensitivity.

Membrane Topology of SpoVM. Previous computational studies
proposed a link between the topology of a peripheral membrane
protein and its ability to detect highly curved membranes (33-35).
To determine the insertion depth and membrane orientation of
SpoVM in a lipid bilayer, we used NMR paramagnetic relaxation
enhancements (PREs) using a water-soluble probe gadopentetic
acid [Gd(DTPA)] and a membrane-soluble probe 16-doxylstearic
acid (16-DSA) (36, 37). In this technique, amino acid residues
accessible by solvent molecules will experience large PRE effects
from Gd(DTPA) and small effects from 16-DSA, whereas resi-
dues embedded in the membrane will have small PREs from
Gd(DTPA) and large effects from 16-DSA. SpoVM residues at
the N and C termini exhibited large PREs from Gd(DTPA) (Fig. 44;
Fig. S7A), suggesting that these residues were solvent accessible.
In contrast, helical residues 15-22 displayed relatively small
PRE:s from Gd(DTPA) (Fig. 44; Fig. S7A4), and large effects from
16-DSA (Fig. S7C), indicating that the helical region of SpoVM is
inserted deeply into the membrane, in contrast to the reported
surface association of amphipathic helices that sense highly
curved membranes (38). In addition, the observation that PREs
from SpoVM helical residues have similar values indicated that
the helical axis is oriented approximately parallel to the plane of
the membrane, consistent with previous genetic studies suggesting
that the hydrophobic face of SpoVM is buried within the phos-
pholipid bilayer (20). Assuming that residue K25 is located close
to the bilayer surface and that Gd(DTPA) is inert toward the
protein and freely diffusing in solution, the estimated insertion
depth for residues M19 and L20 can be more than 10 A into the
membrane (39); the side chains of these residues would penetrate
deeply into the hydrocarbon region of the lipid bilayer. For
SpoVMP?A, the C terminus of its helix displayed similar small
PRE values to those of the SpoVM helix (Fig. 4B; Fig. S7B),
suggesting a similar C-terminal orientation. However, its N-ter-
minal residues experienced substantial PRE effects at a low con-
centration of 0.5 mM Gd(DTPA) (Fig. S7B), indicating that the
N-terminal part of the SpoVMF?* helix was solvent accessible. At
1.5 mM Gd(DTPA) (Fig. 4B), the N-terminal residues experi-
enced large line broadening, preventing reliable measurements of
their PREs and a quantitative comparison of membrane insertion
depth between SpoVM and SpoVMP??; this is likely due to
nonspecific interaction between positively charged residues K2
and K7 and the Gd(DTPA) probe, which is negatively charged.
Given this depth, we wondered whether the positive charge of
the R17 side chain could extend, or “snorkel” (40), to interact with
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the negatively charged phospholipid head groups and thereby help
stabilize SpoVM in the membrane. To test this idea, we substituted
R17 with a negatively charged Asp and monitored the localization of
SpoVMRYP_GFP in vivo. Whereas SpoVM-GFP almost exclu-
sively localized to the forespore surface, substantial SpoVM®!7P-
GFP fluorescence was detected in the mother cell cytosol (Fig. 4
C-F), suggesting that substitution of the positive charge at position
17 with a negative charge affected the adsorption of SpoVM onto
the membrane. Interestingly, substitution of R17 with the hydro-
phobic Ala did not disrupt localization of SpoVM®'7A-GFP (23).
Thus, the different in vivo localization of SpoVM®!"P-GFP rel-
ative to SpoVM-GFP, as well as the NMR PRE measurements,
was consistent with a topology of SpoVM in the membrane in
which both the backbone and side chains penetrate deeply into the
lipid bilayer.

All-Atom Molecular Dynamics Simulations Support Deep Embedding
of SpoVM and SpoVM®* in Membranes. To probe the dynamic
interactions between SpoVM or SpoVM™* and its membrane
environment, we conducted microsecond-timescale molecular
dynamics simulations on two protein—-membrane systems. These
simulations were initiated using the NMR structures obtained in
this study, but no additional constraints were imposed on the

SpoVM
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Fig. 3. NMR reveals the structures and flexibilities of SpoVM and SpoVM™* in
bilayer-like bicelles. (A and B, Upper) Overlay of 10 lowest-energy structures of
SpoVM (A) and SpoVM™* (B) (PDB ID codes 2MVH and 2MVJ, respectively).
Gray, nonpolar residues; green, Gly and polar residues; blue, positively charged
residues; red, negatively charged residues. (Lower) Helical wheel plots of
SpoVM (A) and SpoVMFP4 (B) a-helical regions. (C) Overlay of 2D ®N-"H TROSY
spectra with resonance assignments. Extensive and large shifts in resonance
positions for residues F3 to G14 indicate that the N termini of SpoVM and
SpoVMP?” adopt different structures. Residues that displayed substantial dif-
ferences are labeled in red for SpoVM and in blue for SpoVMPA, Residues that
displayed no or small shifts are labeled in purple. (D) Heteronuclear ">N-{'H}
NOEs. The substantial NOE differences for residues of F3 to L8 (dashed box)
show that the N terminus of SpoVM is more flexible than that of SpoVM™A,
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Fig. 4. Orientation and insertion depth of SpoVM and SpoVM™” in the
membrane underlie differential interactions with lipid bilayers. (A) PRE
effects of Gd(DTPA) on SpoVM. The fact that the effects are small and similar
for SpoVM residues 15-22 indicate that the helix is deeply inserted into the
membrane and with its axis oriented approximately parallel to the mem-
brane plane, respectively. (B) PRE effects of Gd(DTPA) on SpoVMP?A, Whereas
the C terminus of SpoVMP* experiences similar PRE effects as those of
SpoVM, its N terminus PRE effects differ. (C and D) Fluorescence micrographs
of in vivo localization of SpoVM-GFP (C) or SpoVM®'7P-GFP (D) in sporulating
B. subtilis cells. (E and F) Overlay of GFP signals in C and D and membranes
visualized with FM4-64 (red).

system. In these two simulations, the SpoVM and SpoVMP**
molecules not only remained associated with the membrane, but
also were submerged below the head groups of the top bilayer
(Fig. 5 A and B and Movies S1 and S2), consistent with our PRE
data (Fig. 4). For SpoVM, the central helical region was very
stable, whereas the terminal ends were flexible (Fig. 54; Fig. S8).

We then tracked the average immersion depth of each amino
acid in wild-type SpoVM (defined by the distance of each amide
proton below the plane of the C2 atoms of the lipid acyl chains in
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the top bilayer), and found that, with the exception of the
C terminus, most amino acids were buried in the membrane (Fig.
S9A4). However, by examining the SD of the immersion depth, we
noted that fluctuations in immersion depth were much higher at
the terminal ends (Fig. S94, Inset). This phenomenon was re-
capitulated when we measured the average number of water mol-
ecules in contact with each amide proton (within 4 A), and found
that the N terminus was solvent accessible (Fig. S9B). This solvent
accessibility may be important for the recruitment of cytoplasmic
sporulation proteins or for establishing contacts with other SpoVM
molecules. Previous genetic and biochemical studies revealed that
I6 of SpoVM directly contacts a C-terminal residue of the cyto-
plasmic coat protein SpoIVA (20); our simulation indicates that
such a contact would be physically possible despite the deep in-
sertion of SpoVM into the membrane. As indicated by our NMR
data (Fig. 3D; Fig. S3), the N terminus of SpoVM is structurally
flexible; in our molecular dynamics simulation, we observed that
the motion of the N terminus extensively scanned the direction
normal to the membrane plane as well as the direction along the
membrane plane (Fig. 54; Fig. S8C), potentially facilitating the
search for interacting partners.

In contrast to SpoVM, SpoVM™* maintained its mostly he-
lical structure throughout the simulation, and flexibility was only
prominent at the C terminus (Fig. 5B, Fig. S84, and Movie S2).

Fig. 5. Molecular dynamics simulations reveal conformations of single
molecules of SpoVM and SpoVMPA in a lipid bilayer. In A and B, snapshots
of the membrane-protein systems are shown after every 500-ns interval of
the trajectories. Protein is shown in a secondary structure representation in
light blue, and the Ca atoms at residue 1 and 26 are shown as red and blue
spheres, respectively. Lipid head groups are shown in purple, and tails are
shown in yellow and orange for the top and bottom bilayers, respectively.
The C2 atoms of the lipid acyl chains used to define the membrane plane and
the protein immersion depth are shown as gray spheres. Full trajectories are
available as Movies S1 and S2.
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Nonetheless, both SpoVM and SpoVMF*2 persistently positioned
their helical regions parallel to the membrane plane. Our mo-
lecular dynamlcs simulations support a scenario in which SpoVM
and SpoVM"’* have a stable orientation parallel to the plane of
the membrane, and indicate that both proteins are capable of
inserting deep into the membrane bilayer without displacing the
phospholipid head groups. Furthermore, despite the insertion
depth of SpoVM, the flexibility of the N terminus of SpoVM
makes it physically possible for N-terminal residues to become
solvent accessible to potentially contact other SpoVM molecules
or to contact cytoplasmic proteins in the mother cell during
sporulation.

Discussion

Despite the general lack of organelles and vesicle-mediated
protein-sorting machinery in bacterial cells, they are capable of
localizing certain proteins to distinct subcellular locations. How-
ever, the mechanisms by which landmark proteins initially achieve
their own proper localization are frequently unclear. Previously,
we proposed that during sporulation in B. subtilis, the slightly
convex surface of the developing forespore provides a geometric
cue for the initial localization of the shape-sensing amphipathic
a-helical protein SpoVM (24). In this report, we describe a previously
unidentified structure-motivated mechanism by which SpoVM dis-
criminates between differently curved membrane surfaces.

Current understanding of membrane curvature sensing mainly
comes from the study of the recognition of highly curved mem-
branes, such as those formed by ~50 nm-diameter vesicles (28,
38, 41-43). In those scenarios, the prevailing model for curvature
recognition is based on the premise that highly curved surfaces
provide more binding sites for curvature-recognizing proteins,
presumably because acute membrane curvature drives phospho-
lipid head groups in the outer leaflet apart, and increases the
occurrences of packing defects that are manifested near the
surface of the membrane (26, 28) (Fig. 64). Shallow insertion of
an amphipathic helix into the membrane is thought to alleviate
these stresses (44). Consistent with this model, biochemical studies
have shown that curvature-sensing proteins bind to small lipid
vesicles (more curved surfaces) with a higher By, but with similar
binding affinity and cooperativity (28).

Compared with the highly curved membranes of small (~50 nm)
vesicles, the substrate recognized by SpoVM is much less
curved (the forespore is ~1,000 nm in diameter), and any
asymmetry between leaflets of these bilayers would likely be
negligible to a single molecule of SpoVM (45) (Fig. 6B). Con-
sistent with this notion, here we found that SpoVM does not use
a Bpnax-driven mechanism for its preferential adsorption to the
surface of the forespore, but rather uses increased affinity for
positively curved membranes (decreased K;,) combined with
a modest cooperativity (increased 4; Fig. 1 C and D; Table 1). In
contrast, the functionally null SpoVM™2, which mislocalizes in
vivo, showed similar binding affinity and cooperativity to 2- and
8-pm SSLBs in vitro (Fig. 1 C and D; Table 1). Monte Carlo
simulations indicated that small increases in affinity and co-
operative interactions are sufficient for producing SpoVM mem-
brane curvature selectivity (Fig. 2). The unusually deep insertion of
SpoVM into the membrane likely precludes any significant in-
teraction with the phospholipid head groups, and instead implicates
more significant interactions with the acyl chains, which we predict
must be differentially packed between membranes that sit atop
2- and 8-pym SSLBs (Fig. 6B). Thus, the preferential adsorbance
of SpoVM to substrates with slight positive curvature is enabled
through a fundamentally distinct membrane curvature-recognition
mechanism from those used by high curvature-sensing proteins.
SpoVM curvature recognition is driven by affinity and coopera-
tivity, rather than enhanced maximal binding produced by increased
numbers of membrane defects, and SpoVM interacts extensively
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Fig. 6. Model for the preferential adsorption of SpoVM onto slightly curved
membranes. (A) Depiction of a standard amphipathic a-helix (gray) inserted
into a highly curved membrane, such as that found on ~50-nm-diameter
budding vesicles. Lipid-packing defects (curved red bar) at this scale are
manifested near the head groups (yellow) of the outer leaflet; these defects
provide a higher density of binding sites for amphipathic o-helices. (B) De-
piction of SpoVM (multicolored) inserted into a slightly curved membrane,
such as that found on ~1,000-nm-diameter forespores. At this scale, packing
defects are likely not detectable near the lipid head groups. We propose
that the deep insertion of SpoVM allows for the detection of differences in
packing near the acyl chains (highlighted in red) in the hydrocarbon region
of the lipid bilayer between differently curved membranes.

with the acyl chains and therefore likely detects lipid packing dif-
ferences deep in the membrane, not at the surface (Fig. 6) (43).
Beyond classic roles as membrane anchors and membrane-
destabilizing agents, amphipathic helices have increasingly been
implicated in sensing and modulating membrane properties. Our
study highlights how an amphipathic helix can be tuned for mem-
brane curvature sensing despite its structural simplicity. Compared
with the SpoVM™ structure, which was a-helical throughout its
entire length and harbored multiple positive charges on its polar
face, the wild-type protein contained a relatively short helical seg-
ment with a flexible N terminus and a single positive charge on its
polar face (Fig. 3). Which of these structural features is critical for
curvature sensing by SpoVM? The recognition of highly convex
membranes relies on a delicate balance between electrostatic and
hydrophobic interactions (46). In the amphipathic lipid packing
sensor motif, the lack of positively charged residues in the polar
face (e.g., ArfGAP1) or the absence of bulky hydrophobic resi-
dues at nonpolar faces (e.g., a-synuclein) weakens the protein’s
interactions with the membrane. As a result, the association with
membranes requires packing defects, a hallmark of highly curved
membranes, and the proteins become sensitive to membrane
curvature by preferentially embedding into surfaces that display
this feature (Fig. 64). It is conceivable that the increase in the
number of positive charges on the polar face 1ncreases the
strength of electrostatic interactions between SpoVM™* and
lipids, thereby disrupting the balance between electrostatic and
hydrophobic interactions and leading to the mutant’s loss of
sensitivity to membrane curvature. Second, increased flexibility
of an a-helix due to a kink from a Pro residue has been linked to
the abilities of the melittin peptide (47-49) and antimicrobial
peptides (27, 50) to multimerize in the membrane. In SpoVM,
Pro9 disrupted the helix and resulted in a flexible and solvent-
accessible N terminus, as seen by both molecular dynamics
simulations and NMR. At the very least, this accessibility would
permit SpoVM to interact with and anchor a cytosolic sporula-
tion protein, as proposed previously (20). Furthermore, we
speculate that the flexibility of the N terminus may permit the
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interaction of SpoVM molecules with one another (absent in
SpoVM™?), thereby potentially providing a molecular mecha-
nism by which cooperativity may be directly achieved within
a lipid bilayer. Thus, the highly conserved Pro9 of SpoVM (23)
provides a flexible N terminus and an altered helical charge
profile, and is required for recognition of slightly curved mem-
branes such as the forespore.

The orientation and insertion depth of a membrane protein in
the bilayer directly affects protein-lipid interactions and is
a critical determinant of the functions of some proteins (41, 44).
In this study, we found that SpoVM is deeply embedded in the
membrane (Fig. 44), as opposed to a presumed shallow insertion
for other curvature-sensing molecules. This scenario is likely
a direct result of the chemistry of SpoVM’s atypical amphipathic
structure, which has a large nonpolar surface and only one
positively charged residue (R17) at the polar surface. The long
side-chain of R17 can extend its guanidinium group toward
the membrane surface to interact with the negatively charged
phospholipid head groups, whereas the hydrophobic side chains
of SpoVM remain inside the nonpolar region of the membrane
(Fig. 44). Consistent with this notion, replacement of Argl7 with
a negatively charged Asp residue resulted in mislocalization of
the protein in vivo (Fig. 4 C-F), presumably due to a perturba-
tion in its membrane insertion depth by removing this snorkeling
effect. Therefore, unlike amphipathic a-helical motifs that in-
duce membrane curvature by inserting shallowly into the mem-
brane and pushing apart phospholipid head groups to create
asymmetry in the lipid bilayer (51), SpoVM primarily interacts
with the acyl chains of the membrane (Fig. 6B). Recent com-
putational studies hypothesized that deep membrane insertion of
a hydrophobic moiety increases the stability and rate of protein
self-assembly (34, 35, 52), whereas shallow insertion effectively
produces or stabilizes highly curved membranes (33, 44). We
postulate that deep membrane insertion may promote direct
SpoVM-SpoVM intermolecular interactions to form higher-
order structures, or promote clustering of SpoVM molecules
within the lipid bilayer indirectly through membrane—protein in-
teractions, to produce the observed modest binding cooperativity.

What, then, is the physical difference sensed by SpoVM
molecules that allows them to distinguish between a membrane
that sits atop a 2-pm bead from one on an 8-pm bead? Given that
SpoVM differs in adsorption behavior, a-helical structure, and
membrane insertion depth from amphipathic a-helices that
recognize highly curved membranes, we hypothesize that there
may be subtle differences in the way that acyl chains are packed
between membrane bilayers harboring these different radii of
curvature. The acyl chain environment curved around 2-pum lipid
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vesicles may offer SpoVM a slightly more stable interaction than
one that is curved around 8-pm vesicles. This lipid environment
may also provide favorable driving forces for interactions between
SpoVM molecules, perhaps mediated directly by the protein’s
flexible N terminus and indirectly by the membrane (53). To-
gether, the slight increases in affinity and binding cooperativity
ultimately lead to the preferential adsorption of SpoVM onto
convex membranes that we observed experimentally (Fig. 1 B-D).

The unique structural properties of SpoVM provide a tem-
plate for predicting the existence of other proteins that prefer-
entially bind to slightly curved membrane surfaces, such as those
that encapsulate organelles. For example, short helical regions
that are amphipathic, display a large hydrophobic face, and are
combined with a flexible terminus or loop region may be ideal
candidates for proteins that recognize geometric localization cues.
Our assay using SSLBs may also enable the biochemical isolation
of proteins in other systems that preferentially bind to slightly
curved membranes. Given the relatively ancient evolutionary ori-
gins of bacterial endospores, perhaps the recognition of geometric
localization cues represents a widely exploited strategy for sub-
cellular protein localization.

Materials and Methods

B. subtilis strains used in this study are derivatives of PY79 (54). SpoVM-GFP-
Hiss or SpoVMPPA-GFP-Hisg purification (24), SSLB preparation (29, 30), and
microscopy (7) were performed as described previously. All NMR data were
acquired at 37 °C on Bruker 600- or 850-MHz spectrometers equipped with
cryoprobes. The data were processed using NMRPipe and analyzed using
NMRView. Molecular dynamics simulations were carried out on the special-
purpose Anton supercomputer (55) and analyzed with VMD (56). Details of
strain construction and growth, assays, structure determination, and simu-
lations are described in S/ Materials and Methods.
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