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he detection of interactions between
Tsoluble proteins and membrane re-

ceptors at the membrane environ-
ment is very important for biological and
pharmacological research, as many bio-
chemical processes involve the presence
of membranes, and therefore a significant
amount of the successful drugs in the mar-
ket target membrane-associated proteins.
The understanding of these processes is key
for the development of new families of
therapeutic agents, in particular of those
targeting protein—membrane receptor
interactions."? The bacterial cell division
machinery is a good example of an essential
dynamic macromolecular assembly process
that takes place at the membrane. The first
known event occurring during the bacterial
division process is the interaction of the
soluble cytoplasmic protein FtsZ with the
membrane-bound protein ZipA to form the
proto-ring. When FtsZ and ZipA interact,
conformational changes occur in the
C-terminal domain of ZipA* The under-
standing of the FtsZ—ZipA interaction with-
in the lipid membrane is of special interest,
as it is essential for the bacterial cell division
process® and, consequently, an important
milestone in the development of new families
of antibiotics.

Although nanoplasmonics has suffi-
ciently matured to provide suitable tools
for studying the mechanisms underlying
the interaction between biomacromole-
cules, proteins in this case, an important
factor is still the engineering of a plasmonic
surface with sufficient colloidal stability to
reproduce the natural conditions involved
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ABSTRACT Surface-enhanced Raman
scattering (SERS) spectroscopy has been
applied to detect the interaction of the FtsZ
protein from Escherichia coli, an essen-
tial component of the bacterial division
machinery, with either a soluble variant of
the ZipA protein (that provides membrane
tethering to FtsZ) or the bacterial mem-

brane (containing the full-length ZipA naturally incorporated), on silver-coated polystyrene

micrometer-sized beads. The engineered microbeads were used not only to support the

bilayers but also to offer a stable support with a high density of SERS hot spots, allowing the

detection of ZipA structural changes linked to the binding of FtsZ. These changes were different

upon incubating the coated beads with FtsZ polymers (GTP form) as compared to oligomers

(GDP form) and more pronounced when the plasmonic sensors were coated with natural

bacterial membranes.
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protein—membrane interactions

in biorelated problems. In principle pro-
tein—membrane interactions can be mea-
sured by fluorescence-based assays using
membrane-coated polymer beads. Unfortu-
nately, although this method is extremely
sensitive, the low-level structure of fluores-
cence signals provides limited information
about the interaction events. In contrast,
surface-enhanced Raman scattering (SERS)
spectroscopy®” is an ultrasensitive molecu-
lar spectroscopy technique for which detec-
tion limits down to the single molecule
have been demonstrated.® Additionally,
SERS is a vibrational spectroscopy, and thus
it provides detailed information about the
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structure, conformation, and environment of the given
molecular target, and, more importantly, experiments
can be carried out under biological conditions.’ These
features make SERS particularly suitable for the char-
acterization of protein or nucleic acid interactions
inducing conformational changes.'~ ">  However,
working with plasmonic nanoparticles and proteins is
usually demanding due to either the size of the target
analyte as compared with that of the substrate or the
need of using solvents with high ionic strength (i.e., PBS
or other biological buffers) to avoid protein denatura-
tion. Thus, to properly address this drawback, a con-
siderable effort is required toward the preparation of
highly stable while optically active materials, to be
used as both supports and optical enhancers. During
the last years our group has pioneered the engineering
of colloidally stable, optically dense discrete particles
comprising a polymeric or inorganic micrometer- or
submicrometer-particle core homogeneously coated
with the desired plasmonic nanostructure.’®~'® In
this work, we have taken advantage of these fabrica-
tion protocols to engineer polystyrene microparti-
cles coated with gold and silver (PS@Au@Ag), which
display high optical activity, for the immobilization
of a bacterial membrane and the study of the struc-
tural behavior of membrane proteins during the cell
division process.

RESULTS AND DISCUSSION

PS@Au@Ag microparticles were prepared by using
the protocols described in previous reports,'®'® with
slight modifications. A scheme illustrating the different
steps involved in the fabrication of the hybrid material,
together with their scanning electron microscopy
(SEM) characterization, is shown in Figures 1A, S1,
and S2. Briefly, the positively charged surface of the se-
lected support, in this case homogeneous polystyrene
beads with 3 um diameter, was sequentially coated
with polyelectrolytes of opposite charge, namely, poly-
styrenesulfonate (PSS, negative), poly(diallyldimethy-
lammonium chloride) (PDDA, positive), again PSS, and
finally, poly(allylamine hydrochloride) (PAH, positive),
so as to improve the homogeneity of the coating. The
outer PAH layer generates a highly positively charged
surface (zeta potential +35 mV) that is appropriate for
the adsorption of negatively charged gold nanoparti-
cles (zeta potential —40 mV) (step 2). Upon extensive
washing to ensure that all nonadsorbed gold nano-
particles were removed, those that remained adsorbed
were epitaxially overgrown with silver by in situ reduc-
tion of Ag™, using ascorbic acid in a glycine buffer
(pH 9.5), at room temperature (step 3). It is interesting
to note that gold seeds are preferred over silver for
subsequent silver growth, mainly due to their higher
chemical stability.”° After systematic variation of the
amount of added Ag™ between 0.6 and 2.4 umol per
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Figure 1. (A) Scheme of the preparation of PS@Au@Ag
beads and corresponding SEM characterization. Step 1:
Micrometer-sized polystyrene beads were wrapped with
polyelectrolytes by sequential LbL self-assembly of PSS,
PDDA, PSS, and PAH. Step 2: 15 nm gold nanoparticles were
adsorbed onto the functionalized surface of the beads. Step
3: Silver was epitaxially grown on the adsorbed gold
nanoparticle surfaces to obtain the final nanocomposite
material. (B) vis—NIR spectrum of the PS@Au@Ag beads in
water. (C) SERS spectra of benzenethiol on PS@Au@Ag
measured upon excitation with 633, 785, and 830 nm laser
lines.

mg of polymer beads, an Ag™ concentration of 1.8 umol
per mg of beads was selected as optimal, since lower
concentrations did not result in suitable interparticle
plasmon coupling, while higher concentrations
yielded interconnected particles with localized surface
plasmon resonance (LSPR) radiative damping.21 As a
final product, this preparation process resulted in
micrometer-sized hybrid plasmonic particles with a
homogeneous coating of interacting silver particles'
of ca. 50 nm in size.

The optical properties of the material were char-
acterized by vis—NIR spectroscopy from a dispersion of
the silver-coated beads, showing a maximum centered
at 660 nm (Figure 1B). The optical enhancing proper-
ties of the nanostructured microbeads were tested
through SERS measurements using benzenethiol (BT)
as a model molecular probe. The SERS spectra of BT at
different excitation wavelengths were dominated by
the vibrational modes of BT corresponding to the ring
breathings (999 and 1073 cm™') and the C—H in-plane
bending (1023 cm™").

We devised several experiments of increasing com-
plexity to study by SERS the FtsZ—ZipA interaction,
which is relevant in the initial stages of division in
Escherichia coli. ZipA is a 328-amino-acid protein that is
composed of four domains.>> However, the binding
activity toward FtsZ is localized in the C-terminal
domain (residues 189—328). Therefore, mutagenesis
of the ZipA gene to produce a soluble variant of the
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bead
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Figure 2. Conformations of sZipA in the absence and in the presence of FtsZ . Spiral: a-helix; arrow: -sheet; line: random coil.
These structures can be accessed free of charge from the Protein Data Bank (access numbers: 1F46A and 1F47B).*

protein (sZipA) was carried out by removing the part
ranging from the N-terminal domain to the P/Q
domain of native ZipA (amino acids 1—188), while
preserving the bioactivity?®> and also keeping the
hexahistidine tag, which is known to bind strongly to
silver and gold.?* In the case of FtsZ, the wild protein
was expressed, extracted, and purified from E. coli.*®
Notably, FtsZ has GTPase activity®® and, in vitro, forms a
variety of polymers in a GTP-dependent manner.?”~3°
Thus, in a first approach sZipA protein was directly
attached to PS@Au@Ag beads through the hexahisti-
dine tag, in a buffer solution (50 mM Tris-HCI, pH 7.5,
100 mM KCl, 5 mM MgCl,). It is worth noting that different
amounts of sZipA (5 to 20 uM) were added to maximize
the SERS signal, which was found to be best for a
concentration of 15 uM in dispersions containing 3.3 mg
of beads per mL. To investigate the interactions of sZipA
with FtsZ, 25 uM FtsZ was added to the PS@Au@Ag-ZipA
sample, in the absence or presence of GTP.

As an indication, Figure 2 shows the overlapped
conformations of sZipA before and after interaction
with FtsZ.? On the other hand, Figure 3 shows the SERS
spectra for sZipA attached to the beads, with and
without FtsZ, in the presence and absence of GTP.
The SERS spectrum of sZipA (Figure 3) is dominated by
bands that can be assigned to different amino acid
residues, for example, 1600 cm ™' (Phe, Tyr), 1460 cm ™'
(Ala, lle, Val, Leu, Tyr), 1319 cm ™' (Ala, Lys, lle, Val, Ser,
Gly, Tyr), 1199 cm™" (Phe, Tyr), 1031 cm™" (Phe, Tyr),
1000 cm™" (Phe), 938 cm ™' (Leu, Lys, Val), 848 cm™'
(lle, Tyr), and 785 cm™ ' (Ala, Trp, Phe).3' 33 All these
residues, except Phe, are components of the a3-helix
(Figure 2), which is the domain located closer (1.2 nm)
to the silver surface. The closest Phe residue is around
1.5 nm away from the surface (in the o2-helix);
however the position of its aromatic ring facing down
and almost normal to the silver surface notably
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Figure 3. SERS spectra of ZipA on PS@Au@Ag beads, before
and after interaction with FtsZ, in the presence and absence
of GTP. Samples were illuminated with a 785 nm laser line to
avoid damaging the proteins.

increases its signal, in full agreement with surface
selection rules.3*

When FtsZ is added in the presence of GDP (absence
of GTP), the protein self-associates in a noncooperative
fashion, with the hexamer being the largest oligomeric
species present at significant abundance.?® The SERS
spectrum of the complex sZipA—FtsZ oligomer resem-
bles that of the sZipA alone but with subtle differences,
especially in the relative intensity of the main bands.
FtsZ interacts especially with the [(3—6 sheets
(Figure 2), which are relatively far away from the sur-
face (ca. 3 nm). However, conformational changes in the
p-sheets lead to a slight conformational change of the
entire sZipA, then promoting a putative change in its
orientation on the metallic surface. These small variations
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Figure 4. Optical (upper panel) and fluorescence (lower panel) images of plasmonic particles incubated with (A) Dil C18; (B)
anti-ZipA + anti-rabbit-488; and (C) anti-rabbit-488. Plasmonic particles coated with the inner membrane incubated with (D)

Dil C18 and (E) anti-ZipA + anti-rabbit-488.

resemble those reported by monocrystal
diffraction” (Figure 2).

In the presence of GTP, FtsZ assembles into polymer
fibrils. Besides the changes seen with the oligomeric
FtsZ complex (Figure 3), large enhancements of several
bands at 1580 cm ™' (Tyr), 1366 and 1332 cm ™' (Trp,
Val), 1115 cm ™' (Ala), and 909 cm ™' (Ala) can be ob-
served, indicating a closer proximity of the a3-helix to
the silver surfaces. Additionally, new SERS bands
appear at 1724 cm ™' (amide 1) and 1178 cm™" (Tyr).
Although the interaction of some of their residues
within the plasmonic surface cannot be discarded,
due to the size of the FtsZ polymers, the difference of
both vibrational spectra of sZipA seems to reveal a
different structural conformation of ZipA in the pre-
sence of oligomers and polymers.

In subsequent experiments, bacterial membranes
were deposited onto the plasmonic beads. The inner
membrane vesicles were isolated from wild-type E. coli
(strain JM600) exponential phase culture.3® The inner
and outer membranes were separated by sucrose
gradient centrifugation,®® washed and diluted to reach
20 absorbance units at 280 nm, and stored frozen.3” For
the deposition, the membranes were added to the
bead dispersion and incubated at 37 °C. In this case,
ZipA is a natural component of the bacterial mem-
brane. In order to confirm the successful immobiliza-
tion of the membranes onto the beads, fluorescence
images were acquired using Dil C18, which selectively
attaches to the lipidic membranes, and anti-ZipA +
anti-rabbit-488, which selectively recognizes the
ZipA membrane protein. Figure 4 shows that fluores-
cence is emitted only by the samples coated with
the membrane. Control experiments carried out on
the bare PS@Au@Ag show no fluorescence, thus
evidencing the absence of nonspecific adsorption of
the dyes and the successful immobilization of the
membrane.

The PS@Au@Ag@inner membrane beads were char-
acterized by SERS prior to the interaction with the FtsZ
protein (Figure 5). The SERS spectrum is dominated by
the lipidic CH, scissoring and twisting (1378 and
1322 cm™") and the alkyl skeletal vibrations (1125
and 1033 cm™").3® Concerning the polar headgroups,

X-ray
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Figure 5. SERS spectra of the PS@Au@Ag@inner mem-
brane-ZipA before and after the interaction with FtsZ, in
the presence and absence of GTP.

the SERS bands corresponding to the C—N stretching
of the O—C—C—N+ segment are observed at 1003 cm ™,
while 904 and 759 cm™' are ascribed to the trans
conformation of this fragment as described
previously.?® Notably, several amino acids can be
recognized as well, especially those of Phe
(1000 cm™") and Tyr (1319 cm™ "), which is consistent
with the high SERS cross sections of their aromatic
groups, as compared with the essentially alkylic nature
of the membrane. Minimum changes can be inferred
from the spectrum when the FtsZ oligomers (GDP
forms) are added as compared with those detected
in the previous experiment. However, in the presence
of FtsZ polymers (GTP form) the SERS spectrum shows
notable differences as compared to that of the
membrane. Basically, the spectrum presents several
new bands at 1589 cm ™' (Phe, Tyr), 1182 cm ™' (Tyr, Phe,
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C—C stretch), and 1080 cm™' (C—C skeleton gauche
structure). On the other hand, bands at 1380 cm ™' (CH,
scissoring from lipid chains) and 906 cm™' (C—C stretch
and skeletal bend) decrease in intensity. The presence of
these amino acid bands, together with the shifts in
those of the membrane, suggests that the interaction
of FtsZ polymers with ZipA induces structural changes
not only in this anchoring protein but also in other
membrane elements. This can be due to the association
of several ZipA molecules at the membrane, establish-
ing additional contacts with FtsZ elements.

CONCLUSIONS

The vibrational changes in SERS spectra of either the
soluble variant of ZipA or the bacterial inner membrane

EXPERIMENTAL SECTION

Materials. Reagents, metallic salts, buffers, microsized poly-
styrene (PS) beads (3 um), guanosine 5'-diphosphate (GDP),
guanosine 5'-triphosphate (GTP), benzenethiol (BT), and other
analytical grade chemicals were acquired from Sigma-Aldrich or
Merck. All proteins were extensively dialyzed against the working
buffer, 50 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCl,.

Polystyrene Microbeads Functionalization and Coating. Polystyrene
microbeads of 3 um diameter (0.5 mL of a 100 mg mL™"
suspension) were first wrapped with alternating polyelectrolyte
monolayers using the layer-by-layer (LbL) electrostatic self-
assembly protocol.*® Four alternate layers were deposited:
polystyrenesulfonate (M,, = 1000 000), poly(diallyldimethylam-
monium chloride) (M,, = 100 000—200 000), PSS, and, finally,
poly(allylamine hydrochloride) (M,, = 56 000). Polystyrene micro-
beads (0.5 mL of a 100 mg mL™" suspension) were added to
25 mL of a 2 mg mL™" PSS aqueous solution containing 0.5 M
NaCl. After 30 min of sonication and 2 h of agitation the PS
microbeads were extensively washed with Milli-Q water
and centrifuged (5000 rpm, 15 min). The same protocol
(concentrations, elapsed times, and washing protocol) was
carried out for depositing subsequent layers of PDDA, PSS,
and PAH polyelectrolytes. Gold seeds (15 nm) were prepared
by heating 50 mL of 0.5 mM HAuCl, to boiling and adding
2.5 mL of 1% sodium citrate solution under mechanical stirring.

The adsorption of the particles onto the functionalized PS
beads was carried out by adding 12 mL of as-prepared 0.5 mM
seeds to 4 mL of PS beads (5 mg mL~"). After 15 min of
sonication, the PS@Au beads were washed first three times by
centrifugation (3000 rpm, 15 min) and then three times by
decantation with Milli-Q water. Silver was grown on gold seeds
as follows: 4 mL of PS@Au 5 mg mL™" was mixed with a solution
containing 33 mL of 0.4 M glycine at pH 9.5 and 2.4 mL of 15 mM
Ag,50,."® During sonication in cold water, 3.3 mL of 0.1 M
ascorbic acid was added. After 1 h in a sonication bath, the
solution was washed with Milli-Q water three times by centri-
fugation (3000 rpm, 15 min) and three times by decantation.

Protein Purification. Escherichia coli wild-type FtsZ was ex-
pressed and purified by the calcium-induced precipitation
method.?® FtsZ was frozen and stored at —80 °C in 20 ul
aliquots. In this study FtsZ was used in different bound states:
GDP-FtsZ (nonpolymerized protein) and GTP-FtsZ (polymerized
protein).

Mutagenesis of the ZipA gene, overexpression, and purifica-
tion were carried out by removal from the N-terminal domain
to the P/Q-domain of native ZipA (aminoacids 1—188).%
The protein preserves the hexahistidine tag. All proteins were
extensively dialyzed against 50 mM Tris-HCl pH 7.5, 100 mM KCl,
and 5 mM MgCl,.

AHIJADO-GUZMAN ET AL.

(with ZipA naturally incorporated) on silver-coated mi-
crobeads are different in the presence of FtsZ polymers
(GTP forms) as compared with GTP-free ZipA or ZipA
with FtsZ oligomers (GDP forms), these spectral changes
being more pronounced in the case of the membrane-
coated particles. This system provides the benefits of
the very high sensitivity of SERS spectroscopy to
detect small structural changes of membrane-asso-
ciated receptors (the ZipA protein) upon binding of
soluble macromolecules (FtsZ polymers) that inter-
act with moderate affinity. These plasmonic sensors
can be exploited to develop ultrafast assays to
screen for substances that interfere with the attach-
ment of FtsZ to the membrane, with potential anti-
microbial activity.

Isolation of E. coli Inner Membranes. The inner membrane
vesicles were isolated from wild-type E. coli (strain JM600)
exponential phase culture.>® The inner and outer membranes
were separated by sucrose gradient centrifugation,®® washed
and diluted to reach 20 absorbance units at 280 nm, and stored
frozen at —80 °C.*’

ZipA Immobilization on the PA@Au@Ag Beads and FtsZ Interaction.
PS@Au@Ag beads were washed three times by centrifugation
(3000 rpm x 15 min) with 50 mM Tris-HCI pH 7.5, 100 mM KCl,
and 5 mM MgCl,. ZipA was equilibrated against the same buffer
solution. Different amounts of protein solution were mixed with
PS@Au@Ag beads (3.3 mg mL™") to a final concentration of
protein between 5 and 20 uM, and the solution was stored in a
soft shaker at 4 °C for 1 h and washed three times (3000 rpm x
15 min) at 4 °C. Finally we found 15 uM to be the optimal
concentration of ZipA protein in order to obtain the better SERS
signal. The hexahistidine tag from ZipA is strongly attached to
the nanostructured silver.*

A dispersion of PS@Au@Ag-ZipA beads as described above
was mixed with GDP-FtsZ protein and incubated in a soft shaker
at 4 °C for 30 min. GDP-FtsZ was previously equilibrated against
the working buffer. The final concentrations of beads are 3.3
mg mL~" and FtsZ 25 uM. In the case of GTP-FtsZ, an aliquot of
PS@Au@Ag-ZipA-GDP-FtsZ beads described previously was
mixed with GTP to a final concentration of 1 mM supplemented
with enzymatic GTP-regenerating system, as previously
described,*® and incubated at room temperature for 5 min.
The GTP control of soluble PS@Au@Ag-ZipA beads was done
without FtsZ.

PS@Au@Ag beads were washed with buffer three times by
centrifugation (3000 rpm, 15 min). An aliquot of inner mem-
brane was mixed with washed PS@Au@Ag beads, incubated in a
soft shaker for 2 h, and sonicated for 30 s in a 4 °C water bath.
Inner membrane coated PS@Au@Ag beads were washed three
times (3000 rpm, 15 min), sonicated in a cold water bath for 30s,
and washed three more times. The coated beads were mixed
with equilibrated GDP-FtsZ protein and incubated in a soft
shaker for 30 min. The final concentration of beads was 3.3
mg mL~" with 25 uM FtsZ. In the case of GTP-FtsZ, an aliquot of
GDP-FtsZ-inner-membrane-coated PS@Au@Ag beads was
mixed with 1 mM GTP supplemented with enzymatic GTP-
regenerating system and incubated at room temperature for
5 min. The GTP control of inner membrane coated PS@Au@Ag
beads was done without FtsZ.

Characterization. UV—vis—NIR spectra were recorded using
an Agilent 8453 diode array spectrophotometer. Scanning
electron microscopy images were obtained with a JEOL
JSM6700F microscope operating at an acceleration voltage of
10 kW, and a secondary electron detector mode was used for
characterization.
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Surface-Enhanced Raman Scattering Spectroscopy. SERS experi-
ments were conducted in a micro-Renishaw InVia Reflex system.
The spectrograph uses high-resolution grating (1200 grooves
mm™") with additional band-pass filter optics, a confocal micro-
scope, and a 2D-CCD camera. Excitation was carried out at
785 nm (diode). Measurements were made in a confocal
microscope in backscattering geometry using a 100x objective
with a NA value of 0.9, providing a spatial resolution of 500 nm
with accumulation times of 10 s. For SERS characterization of the
PS@Au@Ag beads, 10 uL of a BT solution (10> M) was added to
1 mL of the sample, reaching a final concentration of 107> M in
BT. A 10 uL amount of the mixture was then cast and air-dried
onto a clean glass slide. For SERS measurements 10 uL of the
different samples of coated PS@Au@Ag beads was deposited
on aclean glass slide. Each sample was prepared at least twice at
the same conditions, and at least 10 different beads were
measured for each sample to ensure reproducibility.
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