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ABSTRACT: Membrane-induced amphipathic helices (m-AH) can act as
membrane curvature sensors by binding preferentially to hydrophobic lipid
packing defects enriched in curved surfaces. Reliance on hydrophobicity and
membrane curvature for binding is enhanced when electrostatic interactions are
weak. We probed the role of modifying membrane and protein charge on the
curvature sensing of two m-AH-containing proteins, CTP:phosphocholine
cytidylyltransferase (CCT) and a-synuclein (a-syn). The m-AH domains in
both proteins are flanked by disordered tails with multiple phosphoserines
(CCT) or acidic residues (a-syn), which we mutated to glutamate or serine to
modify protein charge. Analysis of binding to vesicles of varying curvature
showed that increasing the negative charge of the tail region decreased the
binding strength and augmented the curvature dependence, especially for CCT.
We attribute this to charge repulsion. Conversely, increasing the membrane
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negative charge dampened the curvature dependence. Our data suggest that discrimination of curved versus flat membranes with

high negative charge could be modulated by phosphorylation.

A simple way to identify an organelle is by the shape of its
membrane. The endoplasmic reticalum (ER) membrane,
for example, can be distinguished by its diverse curvatures,
ranging from highly curved tubules to flatter cisternal
structures.' Cells use such dynamic membrane landscapes to
organize biochemical reactions, both spatially and temporally.>>
This implies that peripheral membrane-binding proteins have
evolved ways to discriminate between flat and curved
membranes. What are the membrane and protein physico-
chemical features that promote interactions when the
membrane surface curvature is increased? This problem has
received much attention.””’ A major feature of curved
membrane surfaces is an increase in the size and number of
lipid packing defects that expose hydrophobic binding sites for
proteins.” Antonny and colleagues have proposed that the
balance between the two major binding forces, electrostatics
and hydrophobicity, determines the curvature sensitivity of a
protein.”*® The weaker the electrostatics of the interaction, the
greater the dependence on hydrophobicity and membrane
curvature. Thus, the membrane binding of proteins with a
strong curvature dependence will be predominately driven by
hydrophobic mechanisms.

The best-characterized motif used by proteins to sense
membrane curvature is the amphipathic helix (AH). Such
structures are usually (but not always) induced by membrane
binding from an ensemble of structures in the unbound form of
the protein.”® We refer to them as membrane-induced
amphipathic helices (m-AH). When fully folded and mem-
brane-bound, m-AH have a polar face exposed to the aqueous
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phase and a nonpolar face that embeds into the hydrophobic
core of the lipid bilayer. Bending the membrane exposes the
hydrophobic membrane interior, promoting the insertion of the
nonpolar face. Binding is also driven by the alleviation of lipid
packing stress once the AH inserts into the defect sites.”*™'°
m-AH motifs vary greatly in features such as length,
amphipathy, charge, hydrophobicity, and the positioning of
charged residues in the polar face.”® How do these features
correlate with curvature sensing? The amphipathic lipid-
packing sensor (ALPS) motif found in Arf-GAP, the golgin
GMAP-210, Osh4p, and other proteins is a well-described m-
AH that is highly curvature-dependent.*’" This m-AH motif
has a strong hydrophobic face populated with bulky residues
and a weak polar face rich in serine and threonine. Mutations in
the m-AH Arf-Gapl ALPS that increased the polarity of the
nonpolar face diminished the hydrophobic imbalance and
reduced the level of curvature sensing.'' Other m-AH motifs
bind equally well to curved and flat membranes, such as the AH
in the antimicrobial peptide, magainin.'* In contrast to the
curvature-sensing m-AH motifs, these m-AH have strongly
charged polar faces. Curvature-based interactions could be
controlled by modulation of the membrane lipid composition,
which can change the membrane surface negative charge
density, hydrophobicity, or packing defects.”'® Alternatively, or

in concert with membrane-based changes, curvature sensing
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Figure 1. Comparison of the M+P region of CCTa and a-synuclein. (A) CCTa is composed of region N, which is disordered from residue 1 to 39
(dashed blue line), a highly conserved catalytic domain (domain C, green), and an m-AH in the M domain (yellow), followed by a disordered
phosphorylation (P) region (dashed red line). @-Syn contains a long m-AH (yellow) followed by a highly acidic tail (dashed red line). (B) 11-3
helical wheel plots of the m-AH regions of CCT« and a-syn. Blue indicates basic residues, red acidic residues, and yellow hydrophobic residues. The
omitted segment between the two helices of a-syn (residues 41—45) is nonhelical in several structural analyses.’' > The starting and ending
residues are shown in bold. Sites used to monitor membrane binding, W278 in CCT and V37 in a-syn, are highlighted in green. (C) Sequence
alignment of @-syn and CCTa M+P. Blue indicates basic residues and red acidic residues. 11-mer motifs are underlined. Red asterisks above the
CCT sequence indicate the 16 serines that were mutated to glutamates to generate the phosphomimic, CCT (PM). Red asterisks below the a-syn
sequence indicate the 12 glutamates and aspartates that were mutated to serines to create a neutralized tail (a-syn12S). Y240 of CCT (purple box)
was mutated to cysteine for NBD labeling (with native cysteines at positions 354 and 359 mutated to serine). W278 of CCT (green box) was used
for native fluorescence measurements, in a W336F construct. The Trp fluorescence in a-syn utilized an engineered Trp at V37 (pink box).

could be modulated by changing the protein electrostatics, for site."'7'” Region P is relatively nonconserved and remains
example, by phosphorylation. In this work, we have conducted highly unstructured even in the presence of lipids.”® In the
a simple probe of the hypothesis that a reduction in the level of CCTa isoform, all 16 serine residues in this region are known
protein—membrane electrostatic attraction can strengthen the to be phosphorylated to some extent. Purified CCTa
curvature dependence. We compare two proteins that bind preparations feature an average of six phosphorylations***'
membranes reversibly using very long m-AH motifs flanked by (Figure 1C). There is a well-established correlation between
regions of variable negative charge: a-synuclein (a-syn) and the increased level of phosphorylation and the accumulation of
CTP:phosphocholine cytidylyltransferase (CCT). We refer to the soluble, inactive form of CCT.**>* Phosphorylation
them as being amphitropic because their functions are reduces the in vitro membrane binding affinity of full-length
modulated by reversible membrane interactions. CCTa and CCTB.2**

CCT catalyzes the rate-limiting step in the synthesis of Previous work has demonstrated that the CCT m-AH can
phosphatidylcholine (PC). Amphitropic regulation of CCT induce membrane curvature upon binding. CCT is required for
provides a means to coordinate the PC synthesis rate with the the expansion and remodeling of the nuclear envelope to
membrane PC content.'* CCT consists of a catalytic a/f generate an invaginating membrane network known as the
domain'® and a regulatory domain. The latter is comprised of nucleoplasmic reticulum.”®** EM analyses revealed the

an m-AH (domain M) followed by a carboxy-terminal preferential localization of CCTa with highly curved nuclear
phosphorylation region [region P (Figure 1A)]. Domain M invaginations (tubules) induced by a buildup of farnesylated

transforms from a mostly disordered conformation in the CCT prelamin®® or by CCT overexpression and/or membrane
soluble form to an ~60-residue m-AH in response to shifts in translocation in cell nuclei’®*" A direct role for CCT in
membrane lipid composition.'® These shifts include increases nuclear membrane remodeling was supported by in vitro
in the content of anionic lipids or lipids with a small headgroup tubulation of lipid vesicles.>"** Curvature induction in cells and
relative to the hydrophobic volume, both of which are in vitro was shown to be mediated by the CCT m-AH.*>*> An
indications of a PC deficiency.® Membrane binding of domain EM analysis showed that the conversion of vesicles into highly
M dissociates its autoinhibitory interaction with the catalytic curved tubes involved growth of the tubule from a bud,
domain and induces an activating conformation at the active suggesting a cooperative process whereby CCT-induced local
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curvature serves as a target for binding of additional CCT.**
This provided the first hint of a curvature-dependent
membrane binding process.

a-Syn is an amphitropic protein associated with neuronal
synaptic vesicles that are ~50 nm in diameter.”® Its function is
still under intense investigation but has been implicated in
stabilizing SNARE complexes that mediate fusion of the
synaptic vesicle with the plasma membrane.** Its misfolding
into fibrillar oligomers is linked to neurotoxicity and
Parkinson’s disease.”> > Like CCT, a-syn contains a
continuous ~80—90-residue AH when membrane-bound*
(Figure 1A). The m-AH of a-syn shares a novel 1l-mer
sequence motif with the CCT domain M'®*! (Figure 1C). Like
CCT, the m-AH in a-syn transitions from a disordered
structure to a fully folded helix when presented with
membranes enriched in acidic lipids or packing defects.***
Its m-AH is followed by an unstructured, highly acidic tail (15
aspartates and glutamates), resembling the phosphorylated
state of the CCT tail. In addition, the C-terminal region of a-
syn can be phosphorylated at Tyr 125, 133, and 136, and on Ser
129,* further increasing the charge of its tail. Many functions
for the acidic tail have been suggested,45 including serving as
the contact site for proteins such as the v-SNARE,
synaptobrevin.>* Membrane binding of a-syn is similarly driven
by a mixture of electrostatic attraction to anionic lipids and a
hydrophobic component that favors binding to highly curved
vesicles.**™* @-Syn not only senses curvature but also is
curvature—inducing.32’49’50

Despite the similarities between the m-AH motifs of CCT
and a-syn, these two m-AH motifs differ in the hydrophobicity
of their nonpolar faces. Whereas the nonpolar face of the CCT
m-AH is rich in bulky and aromatic amino acids, that of a-syn
teatures short aliphatic residues such as valine, alanine, and even
glycine (Figure 1B). These differences led to the prediction that
the two proteins might show differences in curvature sensitivity
and in their responses to a change in protein electrostatics.

B EXPERIMENTAL PROCEDURES

Materials. Egg PC and egg PG were purchased from Avanti
Polar Lipids Inc. The concentrations of the phospholipid
chloroform stocks were determined by a phosphorus assay.>*
Ni-NTA agarose was from Qiagen, and thrombin protease was
from Amersham Biosciences. The Spectra/Por 7 dialysis
membrane (10 kDa molecular mass cutoff) was purchased
from Spectrum Laboratories. Amicon Ultra-4 centrifugal filters
were from Millipore. Polycarbonate membranes used in
extrusion of vesicles were purchased from Avestin Inc. N,N’-
Dimethyl-N-(iodoacetyl)-N’-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)ethylenediamine (termed iodoacetyl NBD-amide) was
purchased from Invitrogen. Other reagents were from Sigma-
Aldrich.

Preparation of Plasmids for Transfection. The un-
phosphorylated CCT (UP) proteins encompassed residues
237—367 of rat CCTa, which include the M domain and the P
region (Figure 1A,C). The phosphomimic [CCT (PM)]
protein had 16 serine to glutamate substitutions between
residues 315 and 367 at the positions denoted in Figure 1C. We
used wild-type human a-syn as well as an a-syn construct in
which 12 acidic glutamates and aspartates between residues 98
and 140 were mutated to serines (a-syn12S) as shown in
Figure 1C. The construction of pET14b plasmids containing
wild-type and PM versions of the CCT M+P domains and wild-
type a-syn was described previously.>> pET14b-a-syn12S was
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prepared by gene synthesis. Double-stranded DNA encoding a-
syn with AGC mutations to create serine at the 12 sites
denoted above was synthesized (Eurofin Operon) with 5’ Ndel
and 3’ Xhol restriction sites. The digested synthetic gene was
ligated into the Ndel and Xhol sites of similarly digested
pET14b.

For tryptophan fluorescence analysis, we generated variants
with a single Trp within the m-AH regions of CCT and a-syn.
CCT has a native Trp at position 278 in the hydrophobic face
of its m-AH. A second Trp at position 336 in the P region was
replaced with a Phe using QuikChange site-directed muta-
genesis with pET14b-CCT M+P (UP) and pET-14b-CCT M
+P (PM) as templates and mutagenic primers complementary
to the targeted sequence. Because a-syn has no native Trp, we
engineered a Trp at position 37 (replacing Val) in the
hydrophobic face of its m-AH using QuikChange mutagenesis,
mutagenic primers, and pET14b-a-Syn or pET14b-a-syn12S as
a template.

For NBD fluorescence analysis, we generated single-cysteine
variants of CCT M+P. We replaced the two naturally occurring
cysteines located in the P region (positions 354 and 359 in full-
length CCTa) with serine and engineered a cysteine in the
hydrophobic face of domain M at position 240 of full-length
CCTa in place of a tyrosine. The Y240C mutation corresponds
to residue 8 in our CCT M+P proteins, which had four N-
terminal residues (GSHM) from the linker to the thrombin
cleavage site. These mutations were generated by QuikChange
using pET14b-CCT M+P (UP) or (PM) as templates. The
fidelity of all proteins generated by QuikChange mutagenesis
was checked by sequencing of both strands.

Expression and Purification of CCT M+P and a-Syn.
The pET14b-CCT M+P and a-syn constructs permitted
expression in the Escherichia coli Rosetta strain as Hisg-tagged
proteins with thrombin cut sites. The CCT M+P proteins were
induced with IPTG for 2 h at 20 °C and the a-synuclein
proteins for 3 h at 37 °C, and the cells were lysed by sonication.
Other steps of the expression, purification, and Hiss tag
cleavage followed described protocols.>* The concentrations of
purified proteins were determined by Bradford analysis®® and
by the absorbance at 280 nm and molar extinction coefficients.
Purified proteins were stored at —80 °C in PBS (pH 7.4), 0.1
mM octyl glucoside, and 2 mM DTT.

Labeling of CCT M+P Proteins for NBD Fluorescence
Measurements. NBD was conjugated via a stable thioether
bond to the engineered cysteine at residue 240 (Y240C). The
protein in PBS and 1 mM DTT was adjusted to 0.3 M NaCl
and 6 mM OG to reduce the aggregation propensity. The Hisq
tag was completely cleaved with 1 unit of thrombin/50 ug of
peptide at room temperature for 1 h with rotation. Iodoacetyl
NBD-amide was prepared in DMSO at ~20 mM, based on the
absorbance at 480 nm. The NBD was added to the digested
proteins to a final concentration of 2 mM, and a 2-fold molar
excess over the sum of CCT(Y240C) and DTT. DMSO was
<5% of the volume. After 1 h at room temperature in the dark,
octyl glucoside, free NBD and NBD—DTT conjugates, and His
tags were removed via dialysis at room temperature for 4 h with
one buffer change and then overnight in the dark. The dialysis
buffer consisted of PBS and 0.14 M NaCl (pH 7.4). The
stoichiometry of labeling was ~1:1 (NBD:protein molar ratio),
measured via the absorbance at 480 nm for NBD and 280 nm
for the protein. The protein concentration was verified with the
Bradford assay,”® and labeling was confirmed by visualization of
fluorescent bands separated by 12% sodium dodecyl sulfate—
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polyacrylamide gel electrophoresis using a Typhoon Variable
Mode Imager (Amersham Biosciences). The NBD-labeled
peptides were stored in the dark at —80 °C.

Phospholipid Vesicle Preparation. All vesicles used in
these experiments were composed of egg PC and egg PG.
SUVs were prepared by sonication on ice using a micro probe
(Branson Sonifier 450) as described previously.*® LUVs were
prepared by extrusion of multilamellar vesicles at room
temperature®” using polycarbonate membranes with pore
sizes of 30, 100, 200, and 400 nm. Vesicle size was determmed
by dynamic light scattering as described prev10usly and
electron microscopy of negatively stained samples.*> The
diameters of the vesicles were as follows: 47 nm for SUVs
and 85, 112, and 144 nm for vesicles extruded through 30, 100,
and 200 nm pore filters, respectively. The polydispersity of the
400 nm extruded vesicles was very high; thus, the level of
confidence in the mean diameter we obtained (155 nm) was
low. We used the mean size reported for these in the literature,
274 + 77 nm. >~

Circular Dichroism (CD) and Deconvolution. The
proteins (S M) in dilute PBS (ionic strength of 15 mM)
were mixed with varying concentrations of lipid vesicles at 25
°C and incubated for S min. Spectra recorded after incubation
of a-syn with PC/PG SUVs for S or 120 min were nearly
identical, indicating equilibration of the binding within 5 min
(data not shown). The buffer contained a low salt
concentration to reduce the level of interference from light
scattering. CD spectra were recorded using a Jasco-J-810
spectropolarimeter in a 0.1 cm path-length cuvette at a
scanning rate of 100 nm/min and a bandwidth of 1 nm. Two
scans were averaged per spectrum. All spectra were smoothed,
corrected for the corresponding background (buffer with or
without vesicles), and converted to residue molar ellipticity
(deg cm’/dmol). The secondary structure content was
determined using the CDPro package and protein reference
set #7, which includes 43 soluble and five denatured proteins.®>

NBD Fluorescence Measurements and Binding Anal-
ysis. The proteins (0.1 #M) in dilute PBS (ionic strength of
115 mM) were mixed with a range of vesicle concentrations
and incubated for ~5 min at 20 °C. Samples were placed in a
10 mm quartz cuvette, and spectra were recorded using a
Varian Cary Eclipse spectrofluorometer with excitation at 478
nm and an emission scan from 500 to 650 nm. Excitation and
emission slits were set to 10 nm; the PMT voltage was 925 V.
Six scans were averaged, and the resulting spectra were
smoothed and corrected for the corresponding background
(buffer with or without vesicles). The average wavelength of
maximal intensity for unbound CCT was S50 nm. In the
presence of saturating lipid concentrations, this peak wave-
length blue-shifted to 533 nm. We plotted the fluorescence
intensity at 533 nm for each spectra versus log[accessible
lipids]. The accessible lipid is 60% of the total lipid
concentration for SUVs and 50% for LUVs. The plots of
fluorescence intensity at 533 nm versus log[accessible lipid]
were normalized to create binding curves using the following
equation:

%bound = (F — E)/(Fg — F) X 100%

(1)

where F is the intensity at 533 nm (Is33), F, is the I, in the
absence of lipids, and Fy, is the I3 at lipid saturation. The %
bound curves were fit to the equation

%bound = (K,[L])/(1 + K,[L]) X 100%

@)
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where [L] is the accessible lipid concentration and K, is the
apparent molar partition coefficient, defined as K, = [P,]/
[P(][L], where [P,] and [P{] are the concentrations of the
bound and free protein, respectlvely, and [L] is the
concentration of the accessible lipid.*> This analysis assumes
a two-state conversion between free and bound protein, which
is supported by the isosbestic points in the spectra of Figures
2A and SA and Figure S1 of the Supporting Information. From
these plots, we obtained the accessible lipid concentration at
50% bound (ECs) to calculate the apparent K, values using the
equation K, = 1/ECg.

Tryptophan Fluorescence Measurements and Binding
Analysis. The proteins (1 #M) in dilute PBS (ionic strength of
115 mM unless noted) were mixed with lipids, and spectra were
recorded, smoothed, and corrected as described above. Spectra
acquired after incubation of a-syn for 5 or 15 min with 274 nm
vesicles (30 mol % PG) were nearly identical, indicating the
equilibration of binding within S min (data not shown).
Excitation was at 280 nm, and the emission scan was from 300
to 400 nm. Excitation and emission slits were set to 10 and 5
nm, respectively. The average wavelength of maximal intensity
for unbound CCT and a-syn was 350 nm. In the presence of
saturating lipids, the peak wavelength blue-shifted to 325 nm.
We plotted the fluorescence ratio (325 nm/350 nm) for each
spectra versus log[accessible lipid]. The plots of fluorescence
ratio versus log[accessible lipid] were normalized to create
binding curves using eq 1 where F = I;;s/I;5. Apparent K,
values were obtained using eq 2.

Assessment of K, Values for Strongly Binding
Proteins. As dlscussed previously,” ™ partitioning analyses
require that the membrane surface area not be limiting.
Previous analyses have determined that one CCT or one a-syn
m-AH requires ~25 lipids for solvation on the membrane;*>*°
thus, we used the following equation to estimate the excess
lipid available when 50% of the protein is bound:

[excess lipid] = [EC,] — 25(0.5[P.]) 3)

where [P,] is the total protein concentration and ECjg, the
accessible lipid at 50% bound, is obtained from the binding
curve. The term 25(0.5[P,]) is the concentration of lipid in
complex with the bound m-AH that is unavailable for binding
additional protein. If there was no excess residual lipid at ECsy,
the K, values were deemed to be underestimated. Unless noted,
we have reported apparent K, values representing systems in
which there was excess lipid at ECy. The excess available lipid
represents the concentration of free lipid at 50% saturation;
thus, we also report K, estimates (1/[excess lipid]) in Tables 1
and 2.

B RESULTS

The Curvature Sensitivity of the m-AH Is Modulated
by the Charge of Its Flanking Region. We used bacterially
expressed, nonphosphorylated a-syn and CCT regulatory
domains. The CCT constructs were composed of the M and
P regions in unphosphorylated [CCT (UP)] and phosphomi-
mic [CCT (PM)] forms. CCT (PM) is a variant with all 16
phosphoserine sites substituted with glutamates. It has been
studied in the context of the full- length enzyme, showing a
reduced level of membrane partltlonlng, 3 like hyperphosphory-
lated CCT.** Initially, we examined the vesicle size dependence
of the interaction of CCT M+P proteins and a-syn using
circular dichroism (CD) to monitor changes in secondary
structure coincident with binding. CCT (UP), CCT (PM), or
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Figure 2. Curvature dependence of CCT and a-syn probed by CD. (A) Sample CD spectral set of CCT (UP), CCT (PM), and a-syn. Titration
with 47 nm diameter SUVs composed of 30 mol % PG at an ionic strength of 15 mM. (B) Transition from unordered structure to a-helices with an
increase in lipid concentration. Spectra shown in panel A were deconvoluted to generate fractional secondary structure: a-helical (blue), unordered
(purple), turn (green), and f-strand (red). (C) CCT (PM) and a-syn are more curvature-dependent than CCT (UP). Panels show the fraction of
helical structure upon titration with 47 nm (light blue), 112 nm (dark blue), or 274 nm (black) vesicles composed of 30 mol % PG in 15 mM ionic
strength buffer. The empty and filled symbols represent data from two independent trials. Error bars represent means =+ the standard deviation of the
fractional secondary structure content deconvoluted using the three programs, SELCON, CONTINLL, and CDSSTR, within the CDPro package.

a-syn was titrated with SUVs and LUVs composed of 30 mol %
egg PG, whose diameters were determined by light scattering
and EM. The balance lipid was egg PC in these and all other
vesicles. This represents the high end of physiological anionic
lipid content.*® Synaptic vesicle and plasma membranes, for
example, have ~15% anionic lipid that is distributed asym-
metrically in the cytoplasmic leaflet.” PG is routinely used as a
model for an anionic lipid when a membrane-binding protein
(including CCT and a-syn) primarily recognizes lipid charge
and not the specific chemistry of the headgroup. Representative
titrations with vesicles 47 nm in diameter are shown for CCT
(UP), CCT (PM), and a-syn in Figure 2A. The m-AH regions
in CCT and a-syn comprise ~0.44 and 0.67 of the total protein
sequences, respectively. Deconvolution of CD spectra indicated
that the m-AH regions of the CCT's and a-syn transform from a
mixture of predominantly disordered and f-strand conforma-
tions into nearly fully folded helical conformations in the
presence of vesicles (Figure 2B). Thus, all of the protein species
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from the ensemble of unbound conformations participate in the
membrane binding reaction. Plots of the change in helical
content versus L/P molar ratio (Figure 2C) indicated binding
affinity decreased in the following order: CCT (UP) > CCT
(PM) > a-syn. This is in keeping with previous analyses®* and
in agreement with the notion that repulsive charge adjacent to
the m-AH can weaken affinity.***” CCT (PM) and a-syn
showed a significant difference in binding to large and small
vesicles, whereas CCT (UP) showed very little selectivity with
respect to size (Figure 2C). Thus, it appeared that the m-AH
segments flanked by acidic tails were curvature-sensitive but the
m-AH segments flanked by neutral tails were not.

The CD data were acquired at a low (nonphysiological) ionic
strength to reduce light scattering from large vesicles. In
addition, we were concerned that the results for the strongly
binding CCT (UP) may have been complicated by the limited
membrane surface at low lipid concentrations. To avoid these
problems and to obtain reliable partitioning coefficients, we
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Figure 3. Curvature dependence of CCT (UP) and CCT (PM)
probed by NBD fluorescence. (A) The fluorescence of NBD-labeled
CCT shows a blue-shift and increase in intensity upon titration of 0.1
uM CCT (UP) with 85 nm LUVs (30 mol % PG, ionic strength of
115 mM). Red to fuchsia indicates a lipid/protein molar ratio from 0
to 8000. The inset shows the corresponding lipid binding curve for this
spectral set and its replicate. The intensity at 533 nm in the absence of
lipid was set to 0% bound, and I;; at saturating lipid concentrations
was set to 100% bound. (B) Binding curves show that CCT (PM) is
more curvature-sensitive than CCT (UP). Vesicles were composed of
30 mol % PG, and the ionic strength was 115 mM. Black curves are for
CCT (UP) and red curves for CCT (PM). Data were fit to eq 2 using
GraphPad Prism version 5.0. All binding curves made good fits to this
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Figure 3. continued

expression for a hyperbolic curve. The R* values for the fits are listed in
Tables 1 and 2. The binding curves are displayed as a function of
log[L] to facilitate visualization. (C—E) Curvature sensing of CCT can
be modulated by both protein and membrane electrostatics. K, values
were determined from binding curves shown in panel B. K, = 1/ECg,.
Each data point is the average partition coefficient (K,) + 95%
confidence interval for two independent binding analyses. Curves are
to facilitate viewing only. The data point in the empty black circle
(panel C) represents a K;, value that is likely underestimated, as there
was no excess lipid present at ECg,. See Experimental Procedures and
Table 1.

monitored the binding of the CCT M+P proteins with a more
sensitive method using an extrinsic fluorescence probe. NBD
was conjugated via a stable thioether bond to an engineered
cysteine at position 240 (Y240C). Because NBD has a structure
similar to that of tryptophan, it should not interfere significantly
with membrane binding. NBD absorbs and emits in the visible
spectrum where light scattering interference by large vesicles is
low. Its fluorescence can blue-shift ~15 nm and show an
enhanced quantum yield upon relocation to a hydrophobic
environment.*® This method allowed us to work with very low
(0.1 upM) protein concentrations and a physiological ionic
strength.

Figure 3A shows a representative titration of CCT (UP) with
85 nm LUVs (30 mol % PG). We monitored membrane
binding via the increase in intensity at ~533 nm, which is the
emission wavelength representing the fully bound NBD-labeled
proteins. A set of normalized binding curves for the CCTs with
30 mol % PG vesicles is shown in Figure 3B. From these curves,
we extracted apparent K, values from the accessible lipid
concentration at 50% bound peptide (Figure 3C—E). The
results for trials with 30 mol % PG (Figure 3C) revealed a
difference in the curvature sensing of CCT (UP) versus CCT
(PM), in agreement with the CD results (Figure 2C).
Partitioning of CCT (UP) was independent of size between
diameters of 85 and 140 nm, whereas CCT (PM) partitioning
increased an order of magnitude from large to smaller vesicles.
Introducing negative charges into the region flanking the m-AH
weakened the binding to 144 nm diameter vesicles by >10-fold
but had little influence on the binding strength for <85 nm
diameter vesicles (Figure 3C). These results support the notion
that curvature dependence is augmented by a negatively
charged tail flanking the m-AH.

Curvature Sensitivity of CCT (UP) Is Influenced by the
Membrane Charge. Vesicles with 30% anionic lipid have a
strong electrostatic surface potential that could mask the impact
of changes in curvature-induced membrane hydrophobicity.
This might explain the apparent curvature insensitivity of CCT
(UP). If strong electrostatic interaction is the basis for the
curvature-independent binding, then the reduction in mem-
brane charge should generate curvature dependence. The data
in panels D and E of Figure 3, showing the partitioning into
vesicles composed of 22.5 or 15 mol % PG, indicate that this is
indeed the case. The binding of CCT (UP) was >10-fold
weaker with the flatter, larger vesicles than with the smaller
curved vesicles. The K, values are listed in Table 1. With
vesicles containing 15 mol % PG, the size dependence for
binding was nearly the same for both CCT proteins. These
results indicate that membrane charge is a factor influencing
curvature dependence for the CCT with an uncharged tail. On
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Table 1. Apparent Partition Coefficients (K,)* for CCT (UP) and CCT (PM)

CCT (UP) CCT (PM)
PG (mol %) vesicle diameter (nm) apparent K,, (x10° M) R? K, estimate (X10* M™")  apparent K, (x10° M) R? K, estimate (x10° M)
30 47 830 + 120 0.960 no excess L? 630 + 50 0.988 2900
85 490 + 90 0.968 1300 460 + 40 0.993 1100
112 400 + 100 0.975 820 80 + 8 0.992 89
144 540 + 170 0.962 1700 S5+5S§ 0.992 60
22.5 47 670 + 130 0.968 4100 600 + 63 0.985 2300
85 140 + 20 0.982 170 72+ 6 0.986 80
112 89 +7 0.995 100 29 + 4 0.984 30
144 S1+4 0.993 54 12+3 0.979 12
15 47 410 + SO 0.992 830 220 + 30 0.918 300
85 100 + 20 0.978 120 47 £ S 0.987 50
112 39+ 6 0.993 40 17+ 2 0.988 17
144 14 +2 0.989 15 10+1 0.975 10

“Apparent partition coefficients (K,) equal 1/ECsp, as derived from binding curves and eq 2. Curves were fit using GraphPad Prism version 5.0.
Errors are +95% confidence intervals for at least two independent binding analyses; R” values are taken from a curve fit to eq 2. K, estimations were
based on 1/[excess lipid] as described in eq 3 of Experimental Procedures. “The solution to eq 3 was a negative value.

Table 2. Apparent Partition Coefficients (K,)* for a-Syn and a-Syn12$

a-synl12S a-syn
PG (mol %) vesicle diameter (nm) apparent K, (x10° M71) R? K;, estimate (x10°M™")  apparent K, (x10° M71) R? K;, estimate (x10° M)
30 47 86 + 21 0.955 no excess L 78 + 15 0957 no excess L
85 40+ 8 0.959 79 7.0 £ 2.0 0.923 79
112 22 +3 0.981 31 6.8 + 0.8 0.983 74
144 12 +2 0.988 14 23 +02 0.992 2.4
274 12+2 0.986 14 3.0+ 0.5 0.955 3.1

“Apparent partition coefficients were obtained as described in footnote “ of Table 1. “The solution to eq 3 was a negative value.

the other hand, the partitioning of CCT (PM), with its
electrically repulsive tail, showed curvature dependence
regardless of the membrane charge.

The results of varying the charge of the protein or the
membrane suggested that curvature sensitivity is enhanced by
decreasing the electrostatic attraction. To show that introduc-
tion of repulsive negative charges adjacent to the net positively
charged CCT m-AH reduces the electrostatic component of
binding, we compared binding of CCT (UP) and CCT (PM)
to 30 mol % PG vesicles as a function of the medium ionic
strength (Figure 4) using intrinsic Trp fluorescence. The data
show weak partitioning for CCT (PM) that is nearly
independent of ionic strength but partitioning for CCT (UP)
that is strongly ionic strength-dependent. Thus, the binding of
CCT (UP) with a neutral tail is affected by changes in
electrostatics, whereas that of CCT (PM) is affected much less
so. These data are consistent with a stronger reliance on
hydrophobic interactions for CCT (PM).

a-Synuclein Curvature-Dependent Binding Is Less
Sensitive to Electrostatic Modulation. To determine
whether charge repulsion adjacent to an m-AH could be a
general mechanism augmenting membrane curvature sensitiv-
ity, we performed parallel experiments with a-syn. For these
experiments, we compared “wild-type” a-syn possessing the
highly acidic tail with an a-syn protein that has 12 glutamates
and aspartates in the tail region (residues 95—140) mutated to
neutral serines [a-syn12S (Figure 1C)]. The latter protein is an
analogue of CCT (UP). The substitution of the 12 acidic
residues with serine did not interfere with the coil to helix
transition for the m-AH of a-syn (Figure S1 of the Supporting
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Figure 4. Ionic strength dependence for the binding of CCT (UP) and
CCT (PM). Binding to 112 nm vesicles composed of 30 mol % PG at
the indicated ionic strengths was measured by tryptophan blue-shift
analysis. Each data point is the average K, value + 95% confidence
interval for two independent experiments. The data point in the empty
black circle represents a K;, value that is likely underestimated, as there
was no excess lipid present at ECs, Thus, the ionic strength
dependence for CCT (UP) is even stronger than the graph suggests.

Information). We monitored membrane binding using the
fluorescence blue-shifts of an engineered tryptophan at V37 in
the middle of the m-AH (Figure 1B). The W37 peak
fluorescence shifted from ~350 nm in buffer to ~325 nm at
saturating lipid concentrations, indicating that it had relocated
to the hydrophobic environment of the membrane (Figure SA).
A comparison of the binding to PG/PC SUVs of the W37
variant monitored by Trp fluorescence versus wild-type a-syn
via CD revealed a similar L/P ratio for half-maximal binding,
within a factor of 2 (data not shown). This suggests the Trp
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Figure S. Curvature dependence of a-syn and a-synl2S probed by
Trp fluorescence. (A) The fluorescence of tryptophan shows a blue-
shift and an increase in intensity upon titration of a-syn12S (1 uM)
with 85 nm LUVs (30 mol % PG, ionic strength of 115 mM). Red to
fuchsia indicates a lipid/protein molar ratio from 0 to 2000. The inset
shows the corresponding lipid binding curve for this spectral set and
its replicate. The fluorescence ratio in the absence of lipid was set to
0% bound, and the fluorescence ratio at saturating lipid concentration
was set to 100% bound. (B) Binding curves for a-syn (red) and a-
syn12S (black). Vesicles were composed of 30 mol % PG, and the
ionic strength was 115 mM. Data were fit to eq 2 using GraphPad
Prism version 5.0. R? values are listed in Table 2. (C) Neutralizing the
acidic tail of a-syn increases the binding strength. K, values were
determined from the binding curves in panel B. K, = 1/ECg;. Each
data point is the average partition coefficient (K,) + 95% confidence
interval for two independent binding analyses. Curves are to facilitate
viewing only. The data points in the empty red and black circles
represent K, values that are likely underestimated, as there was no
excess lipid present at ECy,. See Experimental Procedures and Table 2.

substitution had little effect on partitioning. We tested binding
to different sized vesicles made of 30 mol % anionic lipid, as the
highly charged membrane revealed the largest effect of
phosphomimicry on the curvature sensing of CCT.

Our results showed that both a-syn and the a-syn12S protein
were curvature-sensitive under these conditions (Figure SB,C).
The a-syn protein showed weak binding to larger vesicles (d >
85 nm) and a >30-fold improvement in binding with SUVs, a
behavior that qualitatively matches the literature reports on the
curvature sensitivity of a-syn.*® a-Syn12S showed a 3—4-fold
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strengthened binding to the larger, flatter vesicles (d > 85 nm),
indicating a reduced curvature dependence (Table 2). Thus,
without the repulsive charges, the binding of a-syn to anionic
membranes is much less dependent on curvature. However,
compared to that of CCT, a decrease in the negative charge
flanking the m-AH in a-syn had a weaker impact on curvature
dependence. The relative contributions of hydrophobic and
electrostatic driving forces in @-syn may differ from the CCT M
+P, with a-syn requiring larger modulations of membrane and/
or protein charge to affect curvature sensing.

B DISCUSSION

This paper presents the first explicit demonstration of the
curvature sensing feature of the m-AH of CCT in comparison
with that of a-synuclein, a well-described curvature-sensing
protein.*****7%° Our data support the previously introduced
idea that curvature sensing by an m-AH can be modulated by
changing its charge® and specifically implicate the control of
curvature sensing by charge variation in disordered regions
flanking the m-AH. Our results suggest a novel potential role
for phosphorylation (modeled by phosphomimicry in our
experiments) as an electrostatic switch to sensitize an m-AH for
curvature sensing. Modulation of curvature dependence by
flanking charge was influenced by the hydrophobic character of
the m-AH, as shown by the somewhat different behaviors of
CCT and a-syn.

One caveat associated with the apparent curvature-insensitive
binding of CCT (UP) (black line in Figure 3C) is that the
bound m-AH can generate curved surfaces in the larger vesicles.
However, there is a clear difference between CCT (UP) and
CCT (PM) in the strength of bindin§ to large vesicles, although
both induce curvature upon binding.”> Although binding of the
unphosphorylated form will undoubtedly be promoted by lipid
packing defects, its electrostatic attraction to the highly charged
vesicles is so strong that an increase in curvature-induced
defects would have a marginal impact. Nonetheless, this is a
complicating issue that is largely neglected in previous reports
on other curvature-sensing proteins, including a-syn. New
microscopy-based methods that can directly correlate the
vesicle size and bound protein density offer a solution to this
problem.”*’

Mechanism for the Modulation of Curvature Sensing
by a Change in Protein Electrostatics. Electrostatic
repulsive switches have long been recognized as a means for
dampening the binding strength of membrane-binding motifs.
The classic example is the binding of polybasic motifs, as in
MARCKS and src kinases, which is antagonized by
phosphorylation and charge neutralization at several serines
within the basic peptide.®*’®”" Jensen et al.®’ found that
curvature sensing in the a-syn m-AH can be affected by amino
acid substitutions that alter protein charge. They suggested that
curvature sensing ability is improved when the hydrophobic
component of membrane binding exceeds the electrostatic
contribution, and vice versa. This model was also used to
explain the differential targeting of various m-AH-containing
proteins to flatter plasma membranes versus highly curved
organelle membranes.’

By contrast, the charge switch we have explored in CCT and
a-syn occurs adjacent to rather than within the m-AH. This
charge switch was most prominent for the CCT m-AH. We
propose that an increase in the negative charge of the CCT tail
generates electrostatic repulsion with the anionic membrane
surface that destabilizes m-AH formation. Antonny described
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m-AH folding and intercalation into lipid bilayers as a
nucleation—propagation process” in which insertion of one
hydrophobic residue serves as a nucleation point for the
remaining AH to fold and intercalate. Instability due to charge
repulsion at the C-terminal end of the nascent m-AH may
antagonize the nucleation—propagation process. Because its
electrostatics are weakened, CCT (PM) is more dependent on
membrane hydrophobicity and curvature.

The Impact of a Repulsively Charged Tail on
Curvature Sensitivity May Depend on the Electro-
static—Hydrophobic Balance. Although the charge switch
in the CCT tail affected curvature sensing when membrane
charge was strong, it had a weaker impact on the curvature
sensitivity of a-synuclein. What physicochemical properties
differentiate the behavior of these two m-AH motifs? The
membrane binding energy is a composite of contributions from
electrostatic and hydrophobic driving forces, as well as changes
in membrane and protein entropy.”” The electrostatic proper-
ties of the m-AH motifs in CCT and a-syn are similar. They are
both net positive with similar distributions of charged residues.
Basic residues flank the nonpolar helical face, whereas acidic
residues are mostly opposite the nonpolar face (Figure 1B).
However, the hydrophobic properties are very different. The
hydrophobic face of the CCT m-AH is richer in large, bulky
residues such as tryptophan and phenylalanine, whereas the
hydrophobic face of the a-syn m-AH is enriched with smaller
residues like valine and alanine (Figure 1B). The mean
hydrophobicity of the nonpolar face of CCT is twice that of
a-syn even though the width of this face is narrower.® The
curvature sensitivity of a-syn has been attributed to its very
weak nonpolar face,"” which would require a strongly
hydrophobic (curved) membrane surface to promote binding,
even when the repulsive negative charges in its flanking tail
have been neutralized.

Potential Role of Acidic Tails in Targeting m-AH
Segments to Curved or Flat Membranes in Cells. There is
much literature demonstrating the remarkable curvature
sensing of a-syn, but this is the first time a function for the
highly negatively charged tail in curvature sensing has been
explored. We hypothesized that one outcome of the evolution
of an acidic tail is to ensure targeting to highly curved synaptic
vesicles. Our results showed that neutralizing the negative
charges flanking the m-AH increased the binding affinity
toward all >S50 nm diameter vesicles, i.e.,, weakened curvature
dependence for binding. Thus, without the charged tail, a-syn
would bind more strongly and with less discrimination between
flat and curved organelles in the cell. This suggests that the
charged tail of a-syn could promote curvature sensing in cells.
Without these repulsive charges, the binding of a-syn to anionic
membrane is much less dependent on curvature. @-Synuclein
can be phosphorylated at four other sites in its acidic tail, which
may further decrease binding affinity and augment curvature
dependence. However, reports on the membrane binding
effects of phosphorylation, phosphomimicry, or tyrosine
nitrosylation within the tail region of a-syn are somewhat
conflicting.”*~"

Although CCT has been linked to curvature induction in
cells,®"7¢ its curvature sensing role is more tenuous. In many
cells, CCTa is in the nucleus, where the inner nuclear
membrane is a relatively flat zone rich in anionic lipids,””
resulting in a scenario similar to panel C or D of Figure 3. In
such cases, the strong electrostatics may drive indiscriminate
membrane binding of unphosphorylated CCTa, but phosphor-
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ylation could direct CCT away from the flatter nuclear
envelope and onto the curved nucleoplasmic reticulum, which
consists of tubular invaginations of the envelope.”” Lastly,
curvature sensing and phosphorylation could facilitate the
response of CCT to biophysical properties of membranes with
a PC deficiency. PC deficiency results in an increase in the
density of anionic lipids and nonbilayer favoring lipids, which
can augment lipid packing defects.*"> Phosphorylation might
sensitize CCT to bind only to membrane regions with
enhanced packing defects typified by PC deficiency.

Aside from CCT and a-synuclein, there are other proteins
containing m-AH motifs whose phosphorylation may modulate
membrane binding and/or curvature sensing. Pahlp is a lipin
that catalyzes the conversion of phosphatidate to diacylglycerol
and contains an ALPS-like m-AH. Its dephosphorylation is
crucial for translocation onto membranes, potentially via a
membrane curvature sensing mechanism.”® The membrane
tether, Vps41, functions in vesicle—vacuole fusion in yeast. It
contains an ALPS motif that can be phosphorylated on serines
in its polar face, which weakens binding of the ALPS to the
large flat vacuole membrane and allows a switch to a new
protein partner and binding of Vps41 to coated vesicles.”” A
third example, the synaptic vesicle-clustering protein, synapsin,
also binds membranes via a curvature-sensing ALPS, and its
membrane binding is regulated by phosphorylation.*® How
phosphorylation modulates membrane binding of these
proteins has not been fully explored. Our results provide a
framework for exploring phosphorylation-dependent mecha-
nisms for the control of curvature sensing in these and
potentially other proteins.
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Effect of lipids on the secondary structure transitions of a-
syn12S (Figure S1). This material is available free of charge via
the Internet at http://pubs.acs.org.
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