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myloids are a family of self-
aggregating proteins related to
various central nervous system dis-

orders, including Alzheimer’s disease (AD).
The two most distinctive brain pathologies
of AD are neuritic plaques, which mainly
contain insoluble aggregates of the
B-amyloid peptide (AB), and neurofibrillary
tangles of abnormally phosphorylated Tau
protein.! Cleavage of the B-amyloid precur-
sor protein (APP) by proteases such as
B-secretase and y-secretase produces a pre-
dominant product of 40 amino acid resi-
dues: B-amyloid peptide (AB40).2 Other A

ABSTRACT Amyloids are a family of self-aggregating proteins implicated in various central nervous system
disorders, including Alzheimer’s disease (AD). It is thought that prefibrillar soluble forms of amyloid peptides,
including oligomers, may be the main pathogenic factor in AD. Herein we describe the fabrication of well-defined,
functionalized, monomeric (3-amyloid peptide surfaces for studying protein—protein interactions. We first
prepared a nonaggregating analogue of the 3-amyloid peptide and then attached it to a gold surface covered
with a self-assembled monolayer (SAM) of alkanethiols. After attachment, the native form of the (3-amyloid
peptide (A340) was obtained by surface-level intramolecular 0—N migration. The surface was characterized by
atomic force microscopy (AFM) and self-assembled monolayer for matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (SAMDI-TOF MS). The interaction between the surface-bound A{340 and monoclonal
anti-AP340 antibody was tracked by AFM and chemiluminescence, which revealed that the A340 was attached
mainly in its monomeric form and that the protein—protein complex was assembled on the surface. Last, we used
a proteomics approach to demonstrate the specificity of the AB40-functionalized surface in surface-binding

species of different lengths are also pro-
duced, including a fibrillogenic peptide of
42 amino acids (AB42). The deposition of
AB40 and AB42 into cerebral plaques be-
gins with nucleation of soluble AB42 into
fibrils, followed by accumulation of soluble
AB40.3 In fact, soluble prefibrillar forms of
amyloid peptides, including monomers, are
suspected to be the main pathogenic factor
in AD.*"7 Albeit the mechanism of Ap toxic-
ity remains unclear, we believe that learn-
ing about how AR peptides interact with
proteins should enable a better under-
standing of AD pathogenesis.

At certain crucial concentrations, A
peptides strongly tend to aggregate and
form fibrils. These concentrations vary with
peptide structure and the medium. More-
over, an ensemble of different aggregation
states that fall between nucleates and
fibrils, called protofibrils, are present in solu-
tion. This heterogeneity in the assembly
states of AR peptides and in their aggregat-
ing behavior complicates the study in solu-
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experiments employing serum amyloid P (SAP) and bovine serum albumin (BSA).
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tion of AR structure and of protein—protein
interactions involving AB. Therefore, the de-
velopment of a technique to obtain intact
and soluble AB monomers under physi-
ological conditions is crucial for being able
to study their role in AD pathogenesis. Im-
mobilizing molecules on surfaces is a useful
technique for studying protein—protein in-
teractions. However, synthesis and immobi-
lization of AR are very difficult due to its
strong tendency to self-aggregate and form
heterogeneous species. Various approaches
have been developed for synthetically chal-
lenging peptides (e.g., those that are
strongly hydrophobic or tend to aggre-
gate). Solid phase peptide synthesis (SPPS)
is a known technique for obtaining peptides
in small to medium amounts.® One of the
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Figure 1. (A) Sequence of the Cys-AB40 isopeptide; (B) sequence of the penta-EGylated
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alkanethiol; (C) sequence of the N-Lys-(penta-EGylated) alkanethiol.
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methods proposed to solve the problem of aggrega-
tion of hydrophobic peptide during synthesis entails
the use of special building blocks.® More recently,
Sohma et al. showed that using an O-acyl residue in-
stead of an N-acyl residue in the peptide sequence
could overcome the solubility problems of large pep-
tides with difficult sequences.'® The resulting O-acyl
isopeptide can then be easily converted to the native
peptide under physiological conditions (pH 7.4) via a
quick, one-way intramolecular O—N-acyl migration re-
action. Because of the convenient SPPS reaction condi-
tions, we chose this last method to synthesize the
soluble AB40 in the present work.

Protein—protein interactions are typically studied
in solution. Nevertheless, functionalized surfaces such
as microarrays and microchips have sparked research
on the interactions of proteins and their complexes
with other proteins and with peptides.'~'* Self-
assembled monolayers (SAMs) are highly effective for
modifying surfaces indicated for these applications' '
and enable immobilization of macromolecules, includ-
ing DNA,"” proteins,’®' and cells.?%?' SAMs of alkane-
thiols on gold (111) are probably the most studied class
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Figure 2. Schematic representation of the intramolecular O—N-acyl
migration of AB40 on the functionalized gold surface.
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and provide a dense, well-defined, and
readily functionalizable monolayer.?? For in-
stance, alkanethiols can be modified with
oligoethylene or polyethylene glycol (EG)
groups, which are widely used to generate
inert surfaces because they confer high resis-
tance to nonspecific adsorption of biomole-
cules or cells to surfaces.>?** However, the
synthesis of EGylated alkanethiols is chal-
lenging by conventional organic chemistry.”

Surface characterization of SAMs by
matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (SAMDI-
TOF MS) is a powerful new method. It has
been employed in enzymatic activity as-
says,”® screening of peptide libraries,”® and
characterization of products generated by
electrochemical reactions.?’ It is also utile for verifying
surface immobilization of a ligand.?® Other biophysical
approaches such as atomic force microscopy (AFM) en-
able visualization of individual proteins and their com-
plexes on surfaces in near native conditions, which pre-
serves their biological structure.?*~3'

Herein we report a strategy for obtaining and char-
acterizing functionalized surfaces with a monomeric
form of AB40 and demonstrate the utility of these sur-
faces for studying protein—protein interactions.

RESULTS AND DISCUSSION

In a first step, we synthesized AR40 isopeptide, a
nonaggregating precursor of AB40, as well as the two
penta-EGylated alkanethiols, via solid phase synthesis
(Figure 1). To assemble the SAM, we covered the gold
surface with a mixture (2:1) of penta-EGylated alkane-
thiol and N-Lys-(penta-EGylated) alkanethiol dissolved
in dimethylformamide (DMF). We then immobilized the
amyloid isopeptide onto the SAM and then performed
a quick, one-way intramolecular O—N-acyl migration to
obtain the native AB40 on surface. We used the
complementary techniques of atomic force micros-
copy (AFM) and mass spectrometry (MS) to character-
ize the functionalized gold surface and to track the in-
teraction between the surface-bound AB40 and a
model protein.

Synthesis of A(340 Isopeptide. The peptide was synthe-
sized on solid phase using an Fmoc strategy and the
O-acyl isopeptide methodology.3? This method is ad-
vantageous in that it affords soluble AB40, which en-
ables chromatographic purification and further studies
in solution. For specific attachment of AB40 to our SAM,
we added an N-terminal cysteine to the peptide se-
quence (Figure 1A). Since the N-terminus of the amy-
loid peptide sequence is structurally disordered, we rea-
soned that surface attachment via this terminus would
not disrupt peptide folding.

Functionalization of the A340 Surface. The functionalized
surface was constructed in three steps. In the first step,
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a gold surface was covered with SAMs of two penta-
EGylated alkanethiols, one of which contained a bind-
ing site for the cysteine-containing AB40 isopeptide
(Cys-Ap40 isopeptide) (Figure 1B). Synthesis of these al-
kanethiols was greatly simplified on solid phase: only
two or three synthetic steps were required (depending
on the incorporation of the peptide binding site). The
desired SAM was formed by incubation of a mixed solu-
tion of these two modified alkanethiols on the gold sur-
face. In the second step, the free amino group of the
lysine side chain was reacted with a bifunctional
3-(maleimido)propionic acid N-hydrosuccinimide ester
linker.28 Finally, the Cys-AB40 isopeptide was immobi-
lized onto the SAM in acid solution to prevent intramo-
lecular O—N-acyl migration and to enable surface bind-
ing of the AB40 isopeptide (primarily in monomeric
form). Following immobilization of the AR40 isopep-
tide, the surface was washed and incubated with PBS
to remove traces of acid solution, leave the surface in
physiological conditions, and initiate the on-surface in-
tramolecular O—N-acyl migration (Figure 2).
Characterization of the AB40 Surface. This AB40-func-
tionalized gold surface was then analyzed by AFM (Fig-
ure 3A1). AFM analysis showed a background of a com-
pact and dense monolayer corresponding to the
adsorption of the mixed SAM. We also observed many
bright spots on the surface corresponding to the at-
tached AB40 (Figure 3A2). The measured height of each
spot was ca. 6 nm (Figure 3A3). As the theoretical length
of the Cys-AB40 in a single B-strand is 13.4 nm, this re-
sult suggested that our Cys-AB40 adopts a B-hairpin
conformation and that this surface-bound version of
the O—N intramolecular acyl migration reaction was
successful. The experimental height is in good accor-
dance with the dimensions given in the structural
model for AB40 molecules (6 nm).3* The homogeneity
in the measured heights of the bright spots confirmed
our hypothesis that the AB40 is mainly attached to the
surface in monomeric form. Moreover, the homoge-
neous distribution of the AB40 on the surface with no
large-scale domain separation indicates that molecular
segregation of the two modified alkanethiols does
not occur during formation of the mixed SAM. The
same functionalized gold surface was also character-
ized by MS. We were able to directly confirm the
presence of the AB40 on the surface using SAMDI-

TOF-MS (Figure 4). ®
Protein—Protein Interaction Studies. We then per- ‘g

formed a protein—protein interaction assay di- §

rectly on the surface, which we tracked by AFM £

and chemiluminescence. AFM is advantageous in

its ability to capture images of biological samples

in solution and thus preserve the native structure

of protein complexes.

Our AB40-functionalized gold surface was incu-
bated with an anti-AB monoclonal antibody (anti-
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igure 3. Schematic representation of AFM study of the AB40-functionalized

100

gold surface before (A1) and after (B1) incubation with the monoclonal

anti-Ap antibody; AFM images of the AB40-functionalized gold surface be-
fore (A2) and after (B2) incubation; surface morphology measurements (AFM)

of the AB40-functionalized gold surface before (A3) and after (B3)
incubation.

1—17 of human AB. AFM measurements showed a
clear change in the surface morphology after antibody
incubation (Figure 3B2). Topographic profiles revealed
heights from 17 to 23 nm (Figure 3B3), which indicate
the formation of an AB40/anti-AB complex. These mea-
surements are in close agreement with the dimensions
of IgG antibodies.>** All of the AFM measurements
were made in solution, which allow free rotation of the
surface-bound AB. Therefore, the range of heights ob-
served suggests that the highest and lowest spots on
the AFM images correspond to antigen—antibody com-
plexes in standing pose and in lying pose, respectively
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Figure 4. SAMDI-TOF-MS spectrum of the AB40-functionalized gold surface.
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Figure 5. AFM and chemiluminescence experiments. (A) AFM images of an
AB40-functionalized gold surface after incubation with the monoclonal anti-A
antibody; resulting light was detected by chemiluminescence after incubation
with a secondary antibody labeled with peroxidase, indicating the presence of
the monoclonal anti-Af antibody on the surface; (B) AFM images of an AB40-
functionalized gold surface after incubation with the secondary antibody (la-
beled with peroxidase); no resulting light was detected after chemiluminescence
reaction; (C) AFM images of a penta-EGylated alkanethiol-functionalized gold
surface after incubation with the monoclonal anti-Ap antibody; no resulting light
was detected after incubation with a secondary antibody labeled with peroxi-
dase and subsequent chemiluminescence reaction.
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(Figure 3B1). This AB40/anti-Ap interaction was
also directly observed on the surface by chemilumi-
nescence. After incubation with a secondary anti-
body labeled with peroxidase, chemiluminescence
was detected on autoradiography film, indicating
the presence of anti-AB (Figure 5A). Ensuring that
the observed interactions were specific and avoid-
ing nonspecific interactions with the modified sur-
face was critical to our study. To confirm the speci-
ficity of the antigen—antibody interaction on
surface, we then incubated an identical AB40 sur-
face with a secondary antibody labeled with peroxi-
dase enzyme. The AFM images resulting from the
analysis of the surface did not show any evidence
of the formation of a nonspecific, AB-secondary an-
tibody complex (Figure 5B). Moreover, no resulting
light was detected by chemiluminescence. In con-
trast, and as expected, when we incubated a mono-
layer surface containing only the penta-EGylated al-
kanethiols (1-11-mercaptoundecanamido-
3,6,9,12,15-pentaoxaoctadecan-18-amide) with anti-
AB, we did not detect any nonspecific interactions
either by AFM or by chemiluminescence (Figure 5C).
These observations validated the ability of our
penta-EGylated alkanethiols to prevent nonspecific
adsorption of proteins onto the surface.

We then evaluated the ability of our AB40 sur-
face to identify protein interactions by using a pro-
teomics approach. First, we used se-
rum amyloid P (SAP) component, a
23 kDa protein known to interact
with AB.3%37 SAP has been located in
neurofibrillar tangles, senile plaques,
and amyloid angiopathy of the
Alzheimer’s disease. SAP aggregates
have also been observed in other
neurodegenerative diseases, includ-
ing Creutzfeldt—Jakob disease, Pick’s
disease, Parkinson'’s disease, and
Lewy body disease.3® % SAP is also
known to promote plaque formation
by coaggregating with A in the
presence of Ca?*.*! Furthermore, SAP
is commercially available, making it
a convenient model for evaluating
the ability of our AB40-functionalized
gold surface to capture proteins that
interact with AB and allow on-chip
enzymatic digestion for MS analysis.
We performed a MS study of

protein—protein interactions

m/z

Figure 6. (A) Serum amyloid P (SAP) was incubated on the AB40-functionalized gold surface
and then digested on the surface with trypsin; (B) MALDI-MS spectrum of tryptic digested pep-
tides after incubation of SAP onto the surface. The brown stars indicate SAP signals, and the red

star indicates a peptide from trypsin autolysis.
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whereby only the target protein was
incubated on the surface (Figure 6A).
The signals observed in the
MALDI-MS spectra correspond to the
peptide mass fingerprint (PMF) of
the SAP protein (Figure 6B). These
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TABLE 1. Data from the Identification of Serum Amyloid P
(SAP) by LC-MS/MS

number of
unique peptides

Mascot
score”

accession
number

peptide
sequence

AYSDLSR

protein

serum amyloid
P component

4i[4502133 281 6

AYSLFSYNTQGR
DNELLVYK
VGEYSLYIGR
QGYFVEAQPK
IVLGQEQDSYGGK

“MASCOT score >43 indicates high homology to p value << 0.05 (probability
95%).

data indicate the presence of SAP on the surface and
confirm its interaction with AB40. To check the specific-
ity of the SAP-AB40 interaction, we performed the same
experiment in the presence of bovine serum albumin
(BSA), a 66 kDA protein widely used as a control in pro-
teomics experiments. After incubation, washing, and
trypsin digestion, the peptides were analyzed by on-
line liquid chromatography tandem mass spectrometry
(LC-MS/MS). The LC-MS/MS analysis revealed only tryp-
tic SAP peptides (Table 1), thereby demonstrating the

METHODS

Preparation of the Gold Surface: The crystalline gold (111) surface
was cleaned and flattened using electrochemistry (Au cathode
and a Pt anode; 45 s in 0.1 M H,SOy; voltage fixed at 10 V)
whereby thick, hydrous gold(lll) oxide was formed. The oxide
was washed away using MQ H,0 followed by immersion in T M
HCl solution (1 min) to afford a fresh metallic gold surface. The
surface was then washed again with MQ water before being an-
nealed in a butane/propane flame (3 min) to increase the ter-
race size and remove any volatile contaminants. The surface was
cooled under Ar for at least 15 min and then immediately used.
After being annealed, the surface exhibited atomically smooth
gold (111) terraces of about 1 um wide, separated by monatomic
steps in height.*?

Functionalization of the Gold Surface: A freshly prepared solution
of a mixture of the penta-EGylated alkanethiol and the N-Lys-
(penta-EGylated) alkanethiol (1 .M in DMF, ratio 2:1 v/v for AR/
antiAB experiments and 9:1 v/v for AB/SAP experiments) was in-
cubated on the freshly prepared gold surface for 14 h. The
surface was then thoroughly rinsed with DMF to remove any un-
bound modified alkanethiols, dried under a strong stream of
N,, and then immediately incubated with a freshly prepared so-
lution of maleimide bifunctional group: 3-(maleimido)propionic
acid N-hydrosuccinimide ester (10 uM in DMF, room tempera-
ture, 3.5 h, with agitation 200 rpm). The surface was then rinsed
thoroughly with DMF and dried under a strong stream of N,. An
acidic aqueous solution of Cys-BA40 (0.5 wM, 0.1% TFA) was
added to the surface and incubated for 2 h at 4 °C. The surface
was then washed with 0.1% aqueous TFA. Prior to AFM analysis,
it was incubated for at least 30 min with PBS (pH 7.4). After AFM
imaging, the surface was rinsed with PBS and then incubated
with a monoclonal anti-human B-amyloid antibody (1 wL/60 pL
PBS—0.1% Tween20, overnight, 4 °C). After incubation, the sur-
face was thoroughly rinsed with PBS—0.1% Tween20 (ca. 20 mL)
and immediately analyzed by AFM.

AFM Experiments: Imaging was performed with a MultiMode in-
strument controlled by Nanoscope IV electronics (Digital Instru-
ments, Santa Barbara, CA) equipped with either a 12 m scanner
(E-scanner) or a 120 m scanner (J-scanner). All images were re-
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specificity of the SAP—AB40 interaction. Despite the
fact that BSA is easily identified by MS—because it gen-
erates numerous peptide species upon proteolytic
digestion—no peptides corresponding to the trypsin
digestion of BSA were observed.

In summary, the methodology reported here repre-
sents an important step toward the preparation of well-
defined, functionalized surfaces of monomeric Ap and
opens the way to general preparation of surfaces modi-
fied with other proteins that are prone to aggregation.
Having the support of both AFM and MS data adds to
the robustness of the methodology. We have shown
that our AR surface is functionally active and is compat-
ible with MS techniques for protein—protein interac-
tions studies. As indicated by the presence of polyeth-
ylene glycol in the SAM, only specific interactions are
observed. Moreover, the system provides a conve-
nient and sensitive range that allows classical pro-
teomics assays such as enzymatic digestions and
identification via MS. We believe that the utility of
the surfaces prepared here will be invaluable to the
future study of specific protein—protein interactions
by proteomic MS studies.

corded in solution (PBS) in tapping mode using a liquid cell with-
out the O-ring seal.

SAMDI-MS Experiments: A saturated solution of a-cyano-4-
hydroxycinnamic acid (5 mg/mL in 0.1% TFA/MeCN 1:1, v/v)
was deposited directly onto the AB40-functionalized gold sur-
face, which was then analyzed by mass spectrometry. MS analy-
sis was performed on a Voyager DE-RP (Applied Biosystem) in
positive linear mode with accelerating time of 25 000 V, grid volt-
age of 92%, and extraction delay time of 300 ns.

Chemiluminescence Experiments: After AFM analysis, the function-
alized gold surface was rinsed with PBS and incubated with anti-
mouse IgG1 secondary antibody horseradish peroxidase (1 pL
in a 5 mL mixture of PBS 98.9%, Tween20 0.1%, and nonfat milk
1% at room temperature for 1 h). The gold surface was washed
with PBS—Tween20 and incubated for 1 min with detection re-
agents following manufacturer instructions. This elicits
peroxidase-catalyzed oxidation of luminol and subsequently, en-
hanced chemiluminescence, whereby the peroxidase-labeled
antibody is bound to the antigen on the primary antibody. The
resulting light was detected on autoradiography films at 1 and 3
min.

0On-Gold Incubation and Digestion: The B-amyloid gold surface
was incubated for 2 h at 4 °C with a solution of SAP protein (0.5
ra/pL, in buffer 140 mM NaCl, 10 mM TrisHCI, 0.1% NaNs, 2 mM
CaCl, buffer) or with a mixed solution of SAP and BSA proteins
(0.4 ng/p.L for each protein, ratio 50:50 v/v, in buffer 140 mM
NaCl, 10 mM TrisHCl, 0.1% NaNs, 2 mM CaCl, buffer). After the
washing step (3 X 5 mL of binding buffer and 3 X 5 mL water),
the surface was subjected to a tryptic digestion during 5 h at 37
°C with 50—100 ng of trypsin in 50 mM ammonium bicarbon-
ate. The released peptides were extracted in 50% acetoni-
trile—0.1% TFA and dried.

MALDI-MS Analysis: The peptides were redissolved in 0.1% TFA,
passed through a RP-C18 microcolumn to remove salts, and
eluted with matrix solution (3 L of a solution of 5 mg a-cyano-
4-hydroxycinnamic acid in 1 mL of 50% acetonitrile—0.1% TFA)
onto a MALDI plate. MS spectra were acquired in positive reflec-
tor mode (voltage of 20 kV in the source 1 and laser intensity
ranged from 5800 to 6200). Typically, 500 shots per spectrum
were accumulated. MALDI-MS analysis was performed on a
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MALDI-TOF/TOF (4700 Proteomics Analyzer, Applied
Biosystems).

LC-MS/MS Analysis: The tryptic digested peptide samples were
redissolved in 15 pL of 1% formic acid solution, and 4 p.L was in-
jected for chromatographic separation using a reverse-phase
capillary Cig column (PepMap column, LC Packings; internal di-
ameter = 75 pm; length = 15 cm). The eluted peptides were ion-
ized via coated nano-ES needles (PicoTip, New Objective). A cap-
illary voltage of 2000 V was applied together with a cone voltage
of 80 V. The collision in the CID (collision-induced dissociation)
was 20—35 eV, and argon was employed as collision gas. LC-
MS/MS analysis was performed on a Cap-LC-nano-ESI-Q-TOF (Ca-
pLC, Micromass-Waters). Data were generated in PKL file format.

Database Search: The PKL file was run through the MASCOT
search engine against the nonredundant NCBI database. The
search parameters were 1 missed cleavage, fixed, and variable
modifications were carbamidomethyl of cystein and oxidation of
methionine, respectively. Peptide tolerance was 100 ppm and
0.25 Da, respectively, for MS and MS/MS spectra.
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