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Physical Immobilization 570  Yeastwas reporfeahd a new high-density random array was
Chemical Immobilization 270 prese_nteEI.Now, 25 years later, commercially available arrays
Biological Immobilization 271 contain several million oligonucleotides and are routine tools in

Patterning Methods 271 the laboratoy? Oligonucleotide arrays have been used in
272 clinical applications to better understand viruses and human

Detection Methods . ; - . :
disease, for genetic screening, and for the implementation of

i;;}rﬁacrgtiﬁgsroaches and Commercialization 272673 personalized mediciffé! The rapid pace of technical
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References 279  arrays has been motivated in part by the incomplete knowledge

provided by genomic information alone. This is because gene
expression and mRNA levels do not correlate with protein

ptide arrays are an exciting and rapidly growin@Ct'V'tyv_ while .se.veral adnhal_ facto_rs_, mcludmg_ post-
technology with a broad range of applications in thganslat_mn_modu:atmns, aIternatlve splicing, allosteric Ilgan_d_sz
basic and applied life sciences. Peptide arrays have been difi@galization, and degradation, serve to regulate the activities
development for approximately 25 years, and commerdhlProteins. A systematic understanding of the roles of the
versions have been available for the past decade. The ad@pEoximately 20000 génes the human genome, which
typically comprise hundreds to thousands of distinct peptigéde for 100000 transcriptonigsand give rise to the
sequences and have proven important for determining substgageression of more than 1 million proteofbtmsequires
specicities of enzymes, pling antibodies, mapping epitopes, systems level information on proteomic activities. Peptide
studying ligandeceptor interactions, and identifying ligandgrrays cer one route to this end.
that mediate cell adhesion. Despite this, peptide arrays still Early work by the Schreflfeand Snydef groups has
modest use, particularly when compared to oligonucleotidemonstrated protein arrays and their applications to identify
arrays, and have not yet realized their potential in becomingratein protein interactions, substrates for enzymes, and
standard method in laboratories and in the drug discovepyotein targets of small molecules, but in practice protein
process. In this review, we provide a discussion of the mamgays have not yet had a broader impact. This can be attributed
approaches that have been developed to prepare and applyhe challenges inherent in making protein arrays, which
peptide arrays, including important advances in the last 3 yeéactudes expressing and purifying large numbers of proteins,
and remaining challenges to making these tools broadly uséfumobilizing proteins with control over the orientation,
Biomolecular arrays are planar substrates having laiiggreasing feature density, and maintaining the activities of
numbers of molecules immobilized in patterns, such that ealb immobilized proteins (and preventing their denaturation at
region of the surface presents one spewblecule. The the interface). These challenges are avoided when working with
majority of work has been directed toward arrays prepared frarfays of peptides, which are relatively easy to synthesize, stable,

either oligonucleotides, peptides, proteins, or small moleculgsd compatible with many immobilization chemistries. While
Of these, oligonucleotide arrays are the most developed; they

are commercially available and widely used. Oligonucleo
array development began in the early 1990s throughed

by Patrick Brown, Stephen Fodor, and Edwin Southern.
These researchers use@rént approaches, based either onPublished: November 14, 2017
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many protein functions cannot be recapitulated at the peptiderays? 3* Our goal is to add to this prior work by giving a

level due to lack of tertiary structure and sequence truncatiteghnical description that applies to the many types of peptide

the use of peptides is still appropriate for many applicationgrrays and to organize the current approaches, the commerci-
In comparison to DNA arrays, peptide arrays are mosadization, and applications of peptide arrays.

challenging to develop. First, the assays performed on DNAFinaII%/, we do not include a discussion of the related protein

arrays are essentially all based on hybridizationosétbcent  chips-®***>*¢ phage display arrdyr solution phase methods

probes, whereas peptide arrays are used in a wide varietioofeptide librariés,** and instead give references where

assay and detection formats. Peptide arrays have been usdtese methods are described.

determine binding, enzyme activity, and cell adhesion and can

be analyzed usingiorescence imaging, surface plasmon TECHNICAL FACTORS

resonance spectroscopy, and mass spectrometry. These BaRyide arrays are composed of a large number of peptides
applications make it diult to identify materials and surface spatially arranged in an addressable format on a solid support.
chemistries that are optimized for this broad range he array format has the bermd allowing many experiments
applications. Moreover, peptide arrays are often used to aggaye performed on a single sample. The speglications
samples that have high concentrations of protein, aRgj depend on the number of peptides in the array, the
nonspect adsorption of proteins often leads to false positivigompatibility of the array material with samples (for example,
and negative results. The uséneft surface chemistries can those that are not inert to protein adsorption), the control over
control these unwanted interactions but are still uncommon Péptide attachment and density, and the compatibility with
peptide arrays. Further, peptides are more heterogeneougjjildrent detection methods. The reported approaches vary in
their chemistry than are oligonucleotides. Peptides have gregfgf; use of the dérent strategies, including the choice of
functional group diversity in side chains, are synthesizedyifptide synthesis methodology, solid support and functional-
slightly lower yield than oligonucleotides, and have a wid@gtion, immobilization method, patterning strategy, and
distribution in properties including solubility, stability, angetection method. We next describe the recent developments
aggregation. Despite the impressive progress made in pegifleach technical factor and how the approaches compare and
array research and commercialization over the past 20 yegrgy our perspective on the advantages and limitations.
development has lagged behind that of DNA arrays but ispeptide Synthesis.There are two widely used methods for
expected to increase. ) ) ) synthesizing peptides present in arrays: éli¢rsblid-phase
Se_veral technical con3|derat|on§ are important in prepardighthesis animh situsynthesis. Mergld solid-phase peptide
peptide arrays, and among the various methods that have b&gfihesis (SPPS) is the traditional method for synthesizing
reported, there are substantiaérénces in approach. We peptides, assembling the peptides on a solid support,
organize this review to address each of these technical agdSrotection of the side chains, cleavage from the support,
which include solid supports, surface and immobilizatiyyi cation if necessary, amally immobilization to the array
ch_emlstrles, patterning _methods, a_nd_ detection methogﬁpporfl? Peptides prepared in this way are generally of high
(Figure ). We also describe the applications that have begality, having fewer impurities resulting from incomplete

synthesis. This beneof SPPS, however, comes with

Pattarming Mothods: , substantial expense and time associated with the synthesis of
; lqk' e  Surface / Detection hundreds or thousands of distinct sequences.
nkjet printing /Chemistry and Method

This drawback in part motivated the developmentibd

. photolithography/y/f" . ) . . .
peptide synthesis, which now uses automated instrumentation

Immobilization,”

/ methods ~
for parallel synthesis of the peptides directly on the solid
pﬁguﬁonal.ze, © e support of the array’® In situpeptide synthesis has the

1 oh e e e o benets that it uses minimal amounts of reagents and
o w0 "oty o \ necessarily eliminates the need (or possibility) for peptide

) ﬁob‘ﬂ;ay S @ \ Samples puri cation. This yields substantial bisnien cost and time

" Solid Support to be needed to prepare the arrays. This approach, however, makes it

analyzed di cult to verify the purity and quality of peptides in the arrays.

Feature size and density The rst important reports of the paraifesitusynthesis of

hundreds of peptides in an array format were introduced in the
mid-1980s by Mario GeySerand Richard Houghtéh.
Peptides were synthesized on polyethylene/poly(acrylic acid)
addressed with peptide arrays and include a discussion ofgbiéd supports and were used to identify viral antigens for
currently available commercial atfaysFinally, we identify — antibody binding using the ELISA &s$ayThe in situ
current limitations of peptide arrays including high costs ofethod is the basis for three swarit approaches to peptide
reagents, compatibility with complex samples, and highrays: SPOT, particle-based synthesis, and photolithograpic
frequencies of false positive and negative data stemming froathods.
inconsistencies in immobilization methods, surface densitie§he SPOT method was introduced by Ronald Frank and
and nonspea interactions. utilizes Fmoc-protected amino acids to synthesize peptides in
For our purposes, we consider arrays to have a minimumpairallel directly on a membrane supp8ulutions containing
100 distinct peptide sequences, and we mostly do not addrdss amino acids and coupling reagents are dispensed onto
important work that has used lower density arrays. We alggecic locations of the membrane. After the coupling reaction
direct the reader to several previous reviews that descritave occurred, the entire membrane is washed and treated to
applications of peptide arfags=® as well as the important remove the terminal amino protecting groups and therefore
approaches that have used solid-phase synthesis to preparalling the next set of amino acid reagents to be dispensed onto

Figure 1.Technical components of peptide arrays.
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the membrane for coupling. Many iterative cycles of coupling a) Print Amino acid
and washing are required to complete the synthesis of the E" __— toner particles

peptide array. In the early version of this method, the amino

acid solutions were manually pipetted onto the membranes, bui §i>
more recent embodiments use automated liquid handling
systems to replace the laborious preparations. A vergirgigni d ?ep’°‘e°‘ b) Melt & couple
benet of this method lies in the minimized use of reagents, Drinting siep o o ¢
giving substantially lower costs than when peptides are ( Fmoc group: &Q é &"
synthesized prior to immobilization. This heard the t
ability to rapidly prepare custom arrays made SPOT synthesis c) Wash
widely used technique.

However, the SPOT method has a few disadvantages. Firsi é
the porous membranes that were initially used ledisoodi

of the amino acid solutions and therefore limited the density of
spots that could be prepared; in practice, the region for e d

pepftide had a minimal size of approximately 1 mm in diameq%ﬁrface. Once printed, the toner particles are melted onto the surface
An improvement to the SPOT methodology was introduceg aliow coupling. The surface is washed, and the coupled Fmoc-

that increased array density by isolating the synthesizgdtected amino acids are deproteéteReproduced from
peptides and respotting on glass or other supports, thougbmbinatorial Synthesis of Peptide Arrays with a Laser Printer,
this format requires additional stéfifie cellulose membrane Stadler, V.; Felgenhauer, T.; Beyer, M.; Fernandez, S.; Leibe, K;
that commonly serves as the support has the additiorfaittler, S.; Gnoing, M.; Kaig, K.; Torralba, G.; Hausmann, M.;
limitation that it is not inert to nonspeagprotein adsorption. g'ig‘gﬁ(r;s"f:“tgl -Vé;re’i\:ﬁrféer%/ﬁg'gif;valilgtcek’clh;erzlizk?rrpérri{éioiglljSéléiioﬁ-;
Hence, nonspeci adsorption of proteins in the assay sampl P T ' . . '
often leads to a decrease in quantitative resolution and can’Bk#% 1ssue 37 (ref6). Copyright 2008 Wiley.

incompatible with the analysis of complex samples such as cell

lysates. Finally, the cellulose support makes the SPOT peptide

arrays incompatible with certain detection methods, includingyh-density arrays. The sigait drawbacks are the need for

SPR and mass spectrometry. expensive mask sets and many cycles of synthesis, since only

Particle-based synthesis was introduced by Stadler anddife of the 20 amino acids can be added in each round.
workers in 2007 and, like the SPOT method, delivers Fmoc-A more recent improvement to the photolithographic
protected amino acids to regions of a support to diréet the method introduced a maskless format and combines acid-labile
situ synthesis of peptidesHowever, instead of depositing Boc protected amino acids with photogenerated acid (PGA)
solutions of reagents with a liquid handler, this method usepracursors and digital photolithography. Solid supports are
24-ink laser printer to transfer toner particles having Fmegain functionalized wiéntbutyloxycarbonyl (Boc)-protected
protected amino acids in a solid form. After transfer to the solithino groups. Peptide reaction sites are separated by a physical
support, the particles are melted, which allows the couplipgrrier, such as a hydrophohiorocarbon alkyl monolyer
reactions to occur. Following coupling, the surface is washed|af/® and are lled with a PGA. Digital light patterns are
excess reagents, and the amino acids are deprotected to allpmjacted on the surface, and the photogenerated acid removes
next round of coupling reactions. This process is repeated uth# Boc-protecting grotipThe main disadvantage to using a
the desired peptide sequence is compigte¢ 2> *’ This PGA precursor for this method is the need for physical barriers
strategy harnesses the impressive laser printing technolegysolate the solutions in contact with each peptide. However,
which avoids dision of the reagents and has the importanthe photolithographic methods have seencsighidevelop-
benet of giving smaller spot sizes and higher density arraysent and can now be used to synthedi@emillion peptides
The other steps in peptide synthesis, including washing am#la single sli#& One drawback that has limited the broader
deprotection, are similar to those for the SPOT method, as arse of these methods stems from the need for specialized
the benets and limitations of the particle-based method.  equipment, light sources, masks, and optics.

The photolithographic method uses light to direct peptide Solid Support and Surface Functionalization. The
synthesis on a solid support (typically glass) andrsvas choice of material used as the solid support can be a critical
implemented by Fodor and co-workers in 71981the determinant in how well the array performs, yet in many cases
photolithographic approach, the amino acid reagents ahe substrate materials have not been optimized for their uses.
protected with a photolabile group, for example, the nitré¢-or example, the availability of welielt surface chemistries
veratryloxycarbonyl (NVOC) group, such that the next aminean lead to better control over the density of peptide so that
acid can be incorporated into a growing peptide only if theeasured activities can more directly be comparedriemtdi
peptide is rst irradiated to remove the protecting group. Thepeptides in the array. Additionally, weltetk surface
original method used a set of photolithographic masks to direbemistries can ensure a regular microenvironment, which
light to a subset of features that each required the additiongifes a more uniform activity for each peptide than is possible
the same amino acid in the synthesis. Fodor and co-workeith polymeric or hydrogel layers. The solid support is also an
introduced this method by preparing an array of 1024 peptidegportant choice when considering the use efedi
in only 10 steps (though this example used a subset of tlietection methods that have special requirements for the
amino acids). Photolithographic synthesis can be fullyproperties of the support. For instance, surface plasmon
automated, and because the synthesis arened b the  resonance spectroscopy requires a noble rmetaf a
area that is illuminated, this method can prepare features thaécic thickness and mass spectrometry requires a conductive
are small (on the order of 16" and therefore generate very support.

ure 2.General methodology for particle-based synthesis. Amino
id toner particles are printed onto an electrostatically charged
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Polymeric materials are often used as the solid support &ra range of microenvironments, some will not be functionally
peptide arrays. In the pioneering work by Geysen araVailable or will incur additional energetic costs for binding.
colleagues, peptide libraries were synthesized directly oFirally, the slower dision of macromolecules in the hydrogels
polyacrylate grafted polyethylene rods arranged in a microtitan lead to perturbations in the kinetics of interaction and give
plate arra§* Chemical modéation of the polymer supports skewed resufts.
installs functional groups that can be used for ieithitu An often overlooked problem with the surfaces used in
synthesis or for immobilization of peptides. For example, [aptide arrays is that most proteins will adsorb to them
demonstrated in Merelds early work, polystyrene can be nonspecically. In fact, most proteins will adsorb rapidly and
chloromethylated and then subsequently reacted with an amétiongly to most artiial surfaces. The adsorbed proteins can
acid or peptide to form a benzyl éstanother example is the then contribute to false positive results or obstruct interactions
use of a polymethylpentene support thastioxidized with  of the immobilized peptide and give false negative results. A
nitric acid to generate carboxylate groups that can then ree@mmon strategy to address this issue is to use blocking
with an amino group through amide couplifginctional proteins that adsorb to the solid support in order to prevent
groups can be installed in the grafting process for subsequenher adsorption of proteins from the sample. However,
immobilization. For example, Geysen and co-workers graftdoicking proteins can likewise obstruct interactions with the
acrylic acid onto polyethylene and utilized the resultinghmobilized peptides to give false-negative results. A more
carboxylate for amide coupfihgimilary, Dikmans and e ective solution is to use surfaces that are functionalized to
colleagues grafted aminolypethylene glycol) (PEG) prevent the nonspeciadsorption of protein. Among the most
functionality into a polypropylene support which alloweé ective options are self-assembled monolayers (SAMs)
subsequent coupling of peptides onto the stpport. terminated in oligo(ethylene glycol) gr6tisThese surfaces

The majority of peptide arrays prepared by SPOT syfithesibave been important in realizing quantitative assays and are
use a nitrocellulose or polyvinylidenaiodide (PVDF) signi cant in allowing the use of otherwise challenging samples,
membrane as the solid support. When SPOT arrays aneluding complex cell lysates and tissue eXtrRcty-
prepared on cellulose membranes, the hydroxyl groups é@thylene glycol) methacrylate (PEGMA)-grafted glass slides
converted into more reactive functional group# feitu  have also been used to minimize the norspesorptions of
peptide synthesis or chemical immobilization of peptides. protein$ While not yet applied to peptide arrays, Jiang and

Glass and other oxide-terminated materials are commogfsworkers have developed several zwitterionic polymer
used as the support and berkom the availability of biomaterials that prevent nonspegrotein adsorption. In
alkylsiloxane monolayer surface chemistries. Aminoalkox§8P9, they introduced poly(carboxybetaine acrylamide)-
lanes and glycidyl alkoxysilanes, for example, are commd@p®)yCBAA)-grafted surfaces that prevent norsjpeotein
used for functionalizing glass or silicon surfaces to ancfigieractions from human blood serum, plasma, and aged
peptides through amide couplimgepoxide ring openihg;’ serun?>More recently, they described poly(ectoine) hydrogels
respectively. Glass substrates that areethedth a layer of ~as a potential biomaterial due to its low nonepeditein
streptaviditi or aldehyde grouPsare commercially available adsorption propertie.
and nd wide use. These functional handles allow the peptides’he choice of support also limits the immobilization
to be immobilized through chemical reactions directly &trategies, peptide densities, and the detection method available
through subsequent treatment with homo- or heterobifuntor analyzing the array in an experiment. These factors will be
tional linkers. Polylysine coated glass slides can be used as@éggissed in detail in the following sections.
supports for immobilizing peptides and proteins through Immobilization Methods. For the preparation of arrays
electrostatic interactioher through coupling with the lysine from presynthesized peptides, there are three general methods

-amino groups. used to immobilize peptidésglure 3 We again emphasize
With all supports, it is important to recognize that the
immobilized peptides may not be active for interaction with ~ Physical __ Chemical __Biological
. . . immobilization immobilization immobilization
enzymes or proteins used in the assay. For example, steric
interactions between the protein and the support may prevent (f IJ (J'
access of the binding site on a protein with the immobilized oj( 6 o % g
i is i TN g
peptide. To address this issue, spacer molecules can be ’E—/C;T/— M A :

introduced to extend the peptides further from the solid e
support and increase accessibility. Often, additional small - hyarophobic moiety

amino acids such as glycine or alanine can be incorporated in o _ )
the N- or C-terminus of the peptides to serve as a8n4cer. Figure 3.Immobilization methods for peptide arrays. Peptides can be

: : : . immobilized on to array surfaces through physical adsorption,
Likewise, a PEG I!nR‘éor dextran coatinjsan be added to chemical reaction, or biol)cl)gical interactionsg phy P
separate the peptide from the surface.

Many researchers prefer the use of cross-linked three-

dimensional hydrogels as the surface functionalization becahatthe cost of a peptide prepared by SPPS is substantial given
these materials can incorporate much higher densities tloé synthesis cost for a single 10-residue peptide is in the low
peptide per unit aré¥’ Printing peptides onto polyacryla- tens of dollars. However, if the peptides are used to prepare
mide or agarose gels also distances the peptide from the swlahy identical copies of the array, the amortized cost may be
support, potentially reducing the steric limitations betweesasonable. A behef these methods, however, is that the
peptides and analytes. The hydrophilic nature of these getptides can be pwed and yield higher quality arrays, with
more closely mimics the biological conditions for the analyteeduced batch-to-batch variations than may occur in arrays
peptide interaction. However, it is likely that the peptidgsrepared by thén situ synthesis. Moreover, if arrays are
present within the gel are not all equal in their activity; becaysepared from post-translationally neodpeptides, such as
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Figure 4.Common chemical reactions used to immobilize peptides to materials.

the use of glycopeptides, thesitusyntheses may not be benet that the peptides are covalently attached and have no

feasible. In any event, the choice of immobilization strategyi#k of dissociating from the surface during an assay.

an important consideration and is discussed next. A broad variety of reactions have been used to immobilize
Physical ImmobilizatioriThe simplest way for attaching peptides, with many using the nucleophkémino group that

peptides to solid supports relies on physical adsorption. M@sptides naturally possess to condense with a carboxylate group

peptides of a suitable length or with a complementary propefy the suppoft:>* On polylysine-coated surfaces, the side

to the support will adsorb rapidly to the support. For exampléhain amino groups provide a functional handle for the

hydrophobic amino acids will adsorb to a hydrophobic mater®@upling of peptides onto solid support through an amide

and acidic amino acids will adsorb onto a positively charge@Hpling reaction. Likewise, the carboxylate groups on peptides

surface. Peptide arrays made by adsorbing presynthestAst réact through estedtion reactions with the hydroxyl _

peptides onto nitrocellulose or PVDF membranes have bed@Ups presented on cellulose membranes that are used in

demonstrated in SPOT arryBhis approach is analogous to SPOT synthesis. _ , ,

the immobilization of proteins in ELISA and Western blotting Aldehyde groups on a solid support provide an activated

licati hat h f _ arb_onyl that reacts .Wi.th primary amines on peptides_to form
applications that have been used for many years Fg base linkagé3Similarly, solid supports that are activated
!

Fabricating peptide arrays by physical adsorptions is simj nimidyl est ; " e
but presents several obvious drawbacks as discussed e succinimidyl ester or 1socyanaté groups reae ty
with peptide amine groughese immobilization schemes do

including the need for blocking nonspeadsorption sites ; " i i .
that can disrupt interactions between protein of interest and tﬂ%t require additional chemical on of the peptide

. - . . reagents, allowing simple routine implementation. However,
immobilized peptides. Peptides attached through nmspe%hgn more thangone gf these nucle%philic side chains are

adsorption may not be stable, in that the adsorbed peptide Bsent within a peptide, it is dilt to control the
be displaced by proteins in the sample, with the added concE iochemical point of attac,:hment.

that not all peptides will be subject to replacement at the Sam&pe selective reaction of thiols with several electrophilic

rate. It is also deult to control the densities of the grops has made the use of cysteine-terminated peptides an
immobilized peptides, which wia the level of signal that jmportant method. For example, cysteine-terminated peptides
is measured in an assay. Finally, peptides presented on the gglidreact with glutaraldehyde or glyoxylyl on the support to
support via physical adsorption are not oriented in a consistef¥m a thiazolidine rifj® or with maleimide groups.
way, and a fraction of the immobilized peptides are neikewise, peptide immobilization can occur viadgisadnd
bioactive in the intended assay, which can lead to substafgghation through sulfhydrdisul de exchange reactitre
variation in otherwise identical arrays. by nucleophilic substitution with bromoacetyl gfoups.
Chemical Immobilizatioi-he most common strategies use Another elegant method uses native chemical ligation of
selective or nonselective chemical reactions to covalently attagiieine-terminated peptides with a thioester-functionalized
peptides to the suppofEigure % These approaches usually surfacé?’®
require chemical modation of the surface to install the Other nucleophilic functional groups incorporated into a
relevant functional groups for attachment, and they have theptide can also be utilized for chemo-selective immobilization.

r
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For example, alpha nucleophiles, such as hydroxylamine amtesynthesized peptides are typically patterned onto a
hydrazine, react with aldehydes and ketones to form oxinfiesctionalized surface using a robotic liquid handling system.
and hydrazones, respectively. The Lam group has utilized fitie density of peptide spots prepared using this method
chemoselective ligation to covalently attach hydroxylamimepends on the minimum dispensing capacity of the robotic
containing peptides onto glyoxylyl-derivatized glass~surfadiguid handler, the hydrophobicity of the surface (which will
and ketone-modid scaolds’* Chan and Yousaf introduced a prevent spreading of the peptide solution), and solvent
method that uses SAMs presenting hydroquinone grougsaporation (rapid evaporation leads to incomplete immobili-
which undergo electrochemical oxidation to the benzoquinoration). Even so, PEPSCAN has reported arrays having spot
and then react with ligands containing oxyamine groups. Thiges of 200m and a spot density 0800 spots/cA
method allows for control over ligand density and alstsbene Peptide arrays made withithsitusynthesis approaches are
from an inert background to prevent nonspemiotein patterned by the method used to deposit reagents onto the
adsorptiori? Ellman and co-workers also immobilized hydroxydupport. Spot sizes are determined by the dispensed volume of
amine-substituteduorogenic peptide substrates onto anreagent and the physical properties of both the membrane
aldehyde-derivatized surface for studies of protease substapport and the solvents. The densities of peptide arrays
specicity/® Similarly, peptides moel with a hydrazide prepared by SPOT are typically modest as reagents are
group can be immobilized onto epoxide-coated glass tiansferred either with memh pipetting or mechanical
nucleophilic ring openirtg. microspotting with 96 or 384 pin automated liquid handlers.
Bioorthogonal functional groups can be incorporated in@ommercial instruments are available for preparing the arrays,
synthesized peptides and used for chemoselective immobilizeluding the MultiPep synthesizer by Intavis that can
tion. For example, azide-containing peptides can be chemicaliythesize up to 2400 peptides on four membranes (measuring
immobilized through click chemistry onto a cyclooctynet00 mmx 150 mm) in a few hours to give spots approximately
modi ed surfacé’® or with Staudinger ligation onto a 2 3 mm in diameter and at densities of 5 spots peFtoene
phosphinothioester-functionalized glass’*slidee Diels are also semiautomated liquid handler instruments that can be
Alder reaction can also be utilized for peptide immobilizatiomsed for SPOT synthesis, including the SpotBot by Arrayit and
We reported the use of a quinone-functionalized surface Sgro by MultiSynTech.
capture peptides moelil with a cyclopentadiene grétip. The SPOT arrays can also be fabricated using noncontact
Finally, it should be obvious that any chemistries used in tim&jet printers. The drop-on-demand (DOD) inkjet printing,
immobilization of large numbers of peptides in an array shoddst example, uses mechanical actuators to eject pico- to
be robust, high yielding, and general with respect to the peptidoliter volumes of liquid onto a solid support in a peztle
sequence. patterm®®* SPOT synthesis with inkjet printing west
Biological ImmobilizationPeptides can also be immobi- described by Frank and co-workers in“200% automated
lized using biological strategies, either based on ligandynthesizer uses magnetically controlled DOD inkjet printing
receptor interactions or enzyme-mediated reactions. Tbapable of dispensing 2500 spots of up to&4mli reagents
specic noncovalent complex between a biotin tag and avidimto a rotating disk in 3 min. While this technique allows for
or streptavidin is a common example for capturing taggdte preparation of large peptide arrays, it has not been widely
peptides onto solid supports. Yao and co-workers printadopted. However, it remains a popular approach for a variety
biotinylated peptides onto an avidin-derivatized gla$$ slidef nonpeptide array applications such as printing paper
and Lam and co-workers deposited biotinylated synthetocuments, constructing bioseri$amsd synthesizing oligo-
peptides onto a neutravidin-coated polystyrene microscamecleotide arraysinkjet-printed microarrays are commercially
slide to form peptide microarréysStreptavidin-coated available from Arrayjet. Their inkjet printers are capable of
membranés and glass slidésare commercially available for printing 640 features per second, with a minimum volume of
capturing biotinylated peptides for fabricating peptide array4.00 pL resulting in a feature size of®@nd a spot density of
The hybridization of two complementary oligonucleotide4000 spots/cfn
has also been used to pattern the immobilization of peptidesLaser printing has emerged as an important patterning
This allows for an array to tself-assembletly adding a  approach foin situsynthesis and is used in particle-based
collection of peptid®ligonucleotide conjugates to an synthesis, as described atfdVeBreitling and co-workers
oligonucleotide array and allowing spduybridization to  reported the preparation of arrays with a density of 40 000
localize each peptide to its designated region. Harris and spets/cri*> A commercial service by PEPperPRINT can print
workers used an array aforogenic peptide substrates up to 275000 reagent spots within a minute and prepares
encoded with nucleic acids to fggrotease activifyand standard arrays with 9 000 peptide spots on standard 75.4 mm
to screen for peptide-based protease inhiGitQther x 25 mm slides. This company has also prepared larger arrays
biological strategies for presenting peptide arrays include fhiediscovery experiments having up to 60 000 spots with a spot
use of phage dispf4§° yeast surface displayjbosome  size of approximately 258.
display® and polysome dispf@\Details of these methods are  Photolithography uses light to activate select regions of the
beyond the scope of our review. solid support for coupling reactions, usually by removing a
Patterning Methods. The preparation of a peptide array photoactive protecting group to allow further synthigsss.
necessarily requires patterning methods that can direct tirgginal processes used physical masks to allow light activation
immobilization olin situ synthesis of each peptide at its of specic regions, followed by exposure of the entire array to
designated region of the support. The mangredit an amino acid reagent which only couples at the activated
approaches er contrasting berts in terms of peptide spot regions. This process is repeated to incorporate each of the
density, speed, cost, compatibility with reagents, and aramyino acids at their intended positions and requires the
quality. The following discussion outlines the commofabrication of many masks. One drawback of the photolitho-
methods and their strengths and weaknesses. graphic method is that it requires many cycles of deprotection

271 DOI:10.1021/acs.analchem.7b04380
Anal. Chem2018, 90, 266282


http://dx.doi.org/10.1021/acs.analchem.7b04380

Analytical Chemistry

and synthesis as only a single amino acid can be added to th@hemiluminescent, colorimetric, andrescent detection
array in each step. If all 20 amino acids are used to synthesie¢hods are preferred when antibodies are used to analyze
the peptides, 20 cycles of deprotection and coupling will berays after an experiment. These methods can be tedious as
required for each position in the peptide; 200 lithographic stefhey require multiple blocking, washing, and incubation steps
would be required to prepare an array of 10-mer peptidémfore the array is treated with a primary antibody that
Further, because of spatial registration loss introduced in theognizes and binds to the reacted peptides. For chemilumi-
sequential replacement of masks, the synthesis is not in higlscent and colorimetric detection, the arrays are often treated
yield near the edges of the spots. with a secondary antibody that is conjugated to a reporter

A signicant advance was reported by Cerrina anénzyme, such as alkaline phosphatase or horseradish geroxidase,
colleague¥, who used digital micromirror arrays, the saméo catalyze a chemiluminestefit or colorimetrid** *°
devices that were found in common LCD projectors, to direptaction. The arrays are treated with substrates that result in
light to the desired regions of the surface magkle$array colorimetric changes or wctieminescence that can be
synthesis strategy uses virtual masks that are designed omeasured using standard equipmentuBogscent detection,
computer and projected with the digital micromirror device tilie secondary antibody imrescently labeled and no further
create any pattern on a solid support. This innovation avoisteps are required to measure peptide array reactivity.
the need to prepare expensive mask sets and provides hi§emondary antibodies are not required if antibodies targeting
quality synthesized peptides throughout the spot as it avoile desired peptide product with the desired conjugated
the physical realigning of masks during the synthesenzyme oruorescent label are available. Antibody dependent
A ymetrix, now part of Thermo Fisher Scigntiommerci- methods usually give relative rather than absolutecgtianti
alizes gene chip arrays using maskless photolithographyesults and can be limited by the availability of antibodies
consisting of up to 1.3 million oligonucleotide features wittind cross-reactivity.
diameters near 1én. This approach has since been applied to Fluorescent methods are also important in assays that do not
peptide arrays.®’ For example, Schafer-N provides arely on antibodies. One example is chemicalcatomti of
commercial source of peptide arrays on & 2mtm glass  products of enzyme activity to introduaseophore®’ They
slides synthesized in this way. Peptides on these arraysasgealso important in assays of protease activity, where protease
synthesized in a square pattern with each spot having a sizéon can either releasaiarophore from the surface or can
between 10 and 106n and can give arrays with more than 2disrupt a FRET interacti6h.
million peptides at a density of 1 000 000 spdtsfchwhile More recent work has introduced label-free methods to
this method requires specialized instrumentation, masklasalyze biomolecular arrays, with surface plasmon resonance
photolithography is now fully automated and well-suited to ti8PR) spectroscopy and mass spectrometry (MS) emerging as
preparation of high-density arrays. the most signtant. The label-free methods have several

While peptide arrays synthesizednbgitumethods are  advantages: they avoid artifacts stemming from labels, they can
prepared rapidly and inexpensively, the many steps involbedquite general in measuring a broad range of activities, and
can pose challenges for scaling to higher volume productithey have the possibility of identifying unanticipated activities
Following the demonstration of photolithographic synthesis thfat would not have been observed with a particular labeling
peptide arrays on 200 mm silicon waf@t&gord and co-  strategy.
workers produced arrays using mask-based patterned syntheSBR is an electromagnetic technique used to measure the
on wafers with Boc-protected amino acids and a photoresigeraction of a soluble protein with an immobilized molecule,
containing a photoacid generator. The synthesis involved 9&h as a peptide, in real-time. SRRtieely measures
lithography cycles, each 20 min, and resulted in arrays havimgp&nges in the refractive index of a solution within

m spots with 12 m center-to-center spacingé$4 000 approximately 100 nm of a metal intetfdte SPR, polarized
spots/cr). The wafers are cut into 13 75 m@5 mm slides  light is reected from the backside of a metalized glass slide,
that consist of 24 identical arrays of 330 000 unique peptidekere it excites a collective motion of electrons in the metal
( 8 million peptides per slide anti03 million peptides per giving rise to an electrield that decays in the solution. The
wafer). These peptide arrays are high density, low cost, a@etay characteristics depend on the local refractive index and
scalable for multiple experiments. establish a resonant condition with a particular angle of incident

Detection Methods. The vast majority of peptide arrays light. This angle can be measured by observing a dip in the
are analyzed with label-dependent assays, though more reicésnsity of reected light, and the angle at which this minimum
work has developed practical strategies for“lasielfree re ectivity occurs shifts with the refractive index. In this way,
methods. The labeled assays are typically rapid and convenigr@n soluble proteins bind to ligands that are immobilized at
to perform but always risk interference giving rise to falgge metal Im, there is an increase in the local refractive index
positive (and negative) results. To take one examplihat is measured in real-time by monitoring shifts in the angle

uorescent labels were responsible for the incardiut) of minimum intensity of the eeted light. Thé&n sitd nature
that resveratrol was a sirtuin activatbhe most popular  of the measurement makes SPR important for measuring rates
assays used for peptide array studies are based on radioactivithjomolecular interactions and gives both kinetic and
chemiluminescence, colorimetry, andescence. thermodynamic inforti@n on binding. Many dirent

The use of radioactive labels is always discouraged rwethods can be used to immobilize or capture target substrates
reasons of safety, complicated waste disposal, and expe&mde.the sensor surface and to enhance bindindogi‘dﬁal.
However, they remain important in assays that involve theSPR has traditionally been used to monitor a single
transfer of molecules to the peptides, such as ATiomolecular complex in an experiment, though important
( —32’33P3]ATP) used in kinase ass8y$' and SAM  work has translated SPR into an imaging technique that can
([methyl=H]- Sadenosylmethionine) used in methyltransfer- simultaneously monitor many interactions between a soluble
ase assays. protein and ligands within an array. In 2002, Corn and co-
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workers introduced a technique using nuiictio devices to
prepare an SPR-compatible peptide array and that serves a:
small volume cell to direct thmw of a target molecule over
the peptide arrd§ This method was used to measure binding
a nities of FLAG derived peptides to the anti-FLAG M2
antibody in parallel.

In 2010, Nomura and co-workers published an SPR methoc
for studying kinase activity on a peptide array that can measul

1000 samples per dayBiotinylated peptide libraries or
recombinant proteins with a FLAG-GST tag were treated with
a tyrosine kinase in solution. Following phosphorylation, the
peptides or proteins were selectively captured onto the sensc
surface through streptavidin or anti-FLAG antibodies, respec
tively. Antiphosphotyrosine antibody wased over the
sensor surface and binding was monitored by SPR. After th
binding anity was measured for the substrate, the sensor
surface was washed to remove biotinylated peptides or FLAC
tagged proteins and recycled, allowing fast turnover of samp
analysis.

While SPR is a label-free, sensitive, and quantitative methc
that can incorporate many surface chemistries, it require
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specialized instrumentation and still has a lower throughpu
than most label-dependent detection methods or mass
spectrometry. In addition, SPR is compatible only with peptide
arrays that can be prepared on gold (or other mdtafiic

SPOT peptide arrays on cellulose membranes cannot b
analyzed using SPR. ST T

Other optical biosensors, including those that use resonan
waveguide gratings (RWGY™ disk resonatots! and
biolayer interferometr{*® have also been introduced as
methods for microarray analysis. While they will not be
discussed in detail here, information about these technique
and their applications can be found elseWheré.

Mass spectrometry (MS) is an important method for
characterizing peptides and proteins and for identi%ing post
translational modiations that result in a change in n&ss.
MS methods have the important benef providing
molecular-level information on peptides and activities since
an observed mass change is often consistent with one type
known modication. However, the sample preparation required
in MS is usually tedious as it requires removal of salts and othe ‘ 7
species, often by HPLC or C18 spin columns. Further, these 2050 00 ot
techniques are usually used to process soluble analytes and have
not been compatible with arrays. Figure 5.SAMDI mass spectrometry assays. (A) Laser irradiation of

We introduced the use of matrix assisted laser-desorptiba monolayer releases alkanethiolates (or COFFESPOUdida%g%isul
ionization (MALDI) mass sgeometry to analyze self- and provides the mass of pepmi#danethiolate conjug .

assembled monolayers (SAMs) of alkanethiolates on gold fig2dapted with permission from MrksichA®S Nan®008 2,
a technique now kr¥own (as SAI)\ADI)%l 123 SAMDIg 5 18 (ref 123. Copyright 2008 American Chemical Society. (B)

PHHLS ; xample of SAMDI MS detection of acetyltransferase *attivity.
laser irradiation of the monolayer results in release of t Badapted with permission from Kornacki, J. R.; Stuparu, A. D.:

alkanethiolates (or corresponding dies) and provides the \jrksich, M.ACS Chemical Biol@pa5 10 157 164 (ref129.
mass for each peptide-alkiaiotate conjugate in the copyright 2015 American Chemical Society.

monolayer Kigure % SAMDI is therefore able to identify
mass changes, and the spgmst-translational mochtion,

of peptides modkd by an enzyme. Most examples have usegeptide arrays to study kinase actiVisybstrate specity of

SAMs that present a maleimide group surrounded by SAMgacetylase enzyrtiésnd global deacetylase activities in cell
that present a background of tri(ethylene glycol) (EGBbySIGS'L-8

groups. The maleimide-presenting SAMs allow immobilization

of cysteine-terminated peptides, while the EG3-presenting CURRENT APPROACHES AND

SAMs prevent nonspexiprotein adsorption to the surface. COMMERCIALIZATION

We have demonstrated the use of SAMDI for a broad rangelmthe preceding section, we have discussed the many technical
biochemical assays and have translated the method to opesiptoaches that have contributed toward the development of
in high throughput on 384 and 1536 spot plates, which can peptide arrays. In practice, the current commercially available
analyzed in 15 or 30 min, respectively. Early examples uagdys can be grouped inte classes, for which we provide a
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Figure 6.Loe er and co-workers mapped the antibody binding patterns in Lyme disease with peptide arrays that include tiled sequences from t
antigert**Reproduced from Antibodygerprints in lyme disease deciphered with high density peptide arrays, Weber, L. K.; Isse, A.; Rentschler, S.
Kneusel, R. E.; Palermo, A.; Hubbuch, J.; Nesterov-Mueller, A.; BreitlingrFE. EEengineering in Life Sciafalet?, Issue 10 (ref44).

Copyright 2017 Wiley.

comparative summary Tiable 1 We discuss each of these adsorption. This property is critical for reducing false positive
commercial sources in the following section. and negative results and in allowing assays of cell lysates and
Merri eld synthesis peptide arrays are prepared througither samples that contain high concentrations of protein.
immobilization of presynthesized peptides onto functionaliz&dother very sigmant bene of the SAMDI arrays is that
glass surfacdd>'?® 1?® As described earlier, there are athey can be analyzed by MALDI mass spectrometry to provide
variety of methods for functionalizing the glass support agdantitative information on biochemical activities and can
immobilizing the peptides, but glass surfaces with a polyrasialyze a plate of 1536 peptides (corresponding to a density of
coating functionalized to capture cysteine-terminated peptides,spots/crf) in less than 1 h. The arrays are commercially
such as glyoxylyl, are among the most comrivtemri eld available as a service from SAMDI Tech.
synthesis peptide arrays synthesized by PEPSCAN have Rhotolithographic peptide arrays are prepared by using light
maximum reported density of 318 spofs/and can be to direct the synthesis of peptides directly onto functionalized
analyzed with radioactive, chemiluminescent, colorimetric, gtass or silicon suppot§?>°89814014L The surfaces are
uorescent labels. Meetd synthesis peptide arrays are alsasually moded with an amino-derivatized polymer for amino
available from New England Peptide and Bio-Synthesis. acid immobilization. Peptides can be synthesized either using
SPOT (Peptide arrays are still among the mosphotolabile-protecting groups on the amino acids or Boc-
used>*313° 135 The peptides are typically synthesized directlprotected amino acids that are removed on excitation of a
on an amino-functionalized nitrocellulose membrane eithgiotoacid. Light directed patterning can be performed with a
using liquid handlers or inkjet printers. With liquid handlersgeries of physical masks or digitally with a micromirror array.
Intavis reported densities of 5 spots/da achieve higher The maximum density reported for mask-based patterning is
density arrays, Intavis introduced the CelluSpot technolo@@4 000 spots/cimand required approximately 30 h for
which isolates the peptide-cellulose resin after SPOT synthpsiparation. Digital patterning in the maskless format with
and then spots solutions of the conjugated peptide onto a glagsromirrors can achieve densities of 1 000 000 spasitm
surface, increasing the density by nearly 10-fold with a spot #iese arrays are available from Schafer-N. Digitally patterned
of 1 mm. Inkjet printers from ArrayJet, however, can achiephotolithography peptide arrays have also been commercialized
densities of 4000 spotsfcifihe SPOT peptide arrays can be by LC Sciences.
analyzed with several detection methods. Several sources Bifie last type of peptide array commonly used is based on the
commercial arrays prepared by liquid handling are availaBIBOT arrays but uses laser printers to deliver reagents that are
including those by Intavis, JPT, MultiSynTech, Kinexus, aathbedded in solid parti¢ies.**? **> The particle-based
Genscript. SPOT arrays prepared with an inkjet printer apeptide arrays are usually prepared on amino-derivatized
available from Arrayjet. polymer-coated glass surfaces. In 2007, Breitling and co-
SAMDI peptide arrays areepared by immobilizing workers reported a maximum density of 40000 sgdfs/cm
presynthesized peptides onto self-assembled monolayer§haf particle-based arrays can be analyzed with a variety of
alkanethiolates on gold-coated glass or metdi*fRégsides label-dependent detection methods. PEPperPRINT has
are most commonly immobilized by reaction of a terminabmmercialized particle-based arrays and can synthesize arrays
cysteine residue with a maleimide drowany other having 60 000 peptides with a spot size of approximately 250
strategies, including biological immobilization through biom and densities of 1 033 spotg/cm
tin streptavidin, are also compatible with the use of monolayeiThere are further variations on these themes that continue to
surface chemistrfé$.**° The monolayers are also terminatedbe reported. For example, in 2013, Nestrov-Mueller and co-
in a (EG3) group that serves to prevent nonspptein workers introduced a microelectronic metal oxide semi-
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conductor (CMOS) chip printer that can synthesize 16 38
unique peptides onto a glass slide with a spot density of 10 (
spots/crd**® In 2016, this group introduced a combinatorial
laser-induced forward transfer (cLIFT) method for peptid;
s?]/gtﬂgsis that can be used to prepare arrays with 17 000 sp
o

APPLICATIONS

Peptide arrays e an enormous opportunity to further
understand the molecular pathways that underlie normal g
pathological functions in cells, to guide the drug discove
process, and to diagnose and monitor treatment in diseg
They also allow for a variety of other studies to understal
sequence-dependent reactivity and properties of peptid
Among the early applications for peptide arrays are (1) epito
mapping for antibody binding, (2) identifying and characte
izing binding interactions between protein and peptide ligands,
(3) screening for active substrates of enzymes, (M)goro Figure 7.A small section of a peptide array prepared by maskless
enzyme activity in complex samples, and (5) identifying apbotolithography by Schafer-Nielson and co-workers for linear epitope
studying peptides that mediate cell adhesion. mapping of HA .Reprinted with permission from Hansen, L. B.;
Perhaps the most common application of peptide arrays [B44!s: S.; Schafer-NielsenPbS On@013 8, e68902 (refo).
been to map epitopes for antibody binding. éroand co-  COPYright 2013 PLoS.
workers designed a PEPperPRINT peptide array to map
peptide antigens in VISE, a surface lipoprotein that fwotein-coding gen&$.They identied 14 082 peptides that
responsible for the infectious properties of Lyme diéeasecorresponded to 1588 proteins witlerdintial reactivity for
The array had 335 peptides that were each 15 amino acidsana from the deérent patients. Lastly, $ta and co-workers
length and tiled along the sequence of the VISE antigen. Tinged peptide arrays prepared by Métrisynthesis on
arrays were treated with sera from 17 patients infected witimctionalized glass to compare two peptide librariest the
Lyme disease and seven uninfected patient sera to identifpsisting of 96 random 20-mer peptides and the second
peptides that were recognized by antibddipsd $ They consisting of 83 20-mer peptides designed from known Valley
found that the sera from infected patients fell into two maiRever epitopes, for use in monitoring antibody binding in sera
groups. Therst group contained antibodies that preferablyf patients with coccidioidmycdsi®oth arrays were treated
bound to the N- or C-terminal regions of the VISE antigen (P8ith sera from infected and noninfected patients and tested for
1 7, highlighted in orange and gredfignre § The second  both IgG and IgM antibodies aga@stcidioideEhe arrays
group contained antibodies that recognized regions of there then compared for sensitivity and sjigcirhe random
variable domain of VISE (PS4, highlighted in cyan and pink peptide array was found to provide a more accurate diagnosis of
in Figure B A limitation of this approach is that the peptidethe di erent stages of infection than the epitope peptide array.
arrays will not identify discontinuous epitopes that are presenPeptide arrays have also found wide use in studying binding
in the folded protein, including amino acids not proximal in thateractions between proteins and peptide ligands. For example,
linear sequence. Reviews on methodology of epitope mappmgrder to better understand the consensus sequences for
and the importance of discontinuous epitopes can be foupdptide binding to IgG and IL-2, Honda and co-workers used
elsewherg! 48 three SPOT peptide arrays, one random array of 512 4-mer
Schafer-Nielson and co-workers used a peptide armasptides, one array of 234 8-mer peptides designed from the
prepared by maskless photolithography to map peptitheman IL-2 receptor, and one random 8-mer peptide array
epitopes in human serum albumin (HSA) for an antibodgonsisting of 640 peptides, to assay binding for IL-2 and IgG
reagent® The array had 595 peptides printedvia copies  proteins. These experiments provide a substantial amount of
representing a complete tiling of the protein sequence. THata, particularly when the detection method is quantitative in
array was treated with a polyclonal rabbit anti-HSA antibod3solving the amount of bound complex, and it candstdi
and visualized with a Cy3-labeled goat antirabbit IgG. The predict the binding aity for a new peptide sequence.
study identied and characterized more than 20 linear epitopdhese researchers used principle component analysis (PCA) to
for rabbit anti-HSA antibodi€sgure Y. In another example, extrapolate and analyze binding properties of the 8-mer peptide
Kaya and colleagues used a PEPperPRINT peptide araasays using data obtained from arrays having 4-mer
containing 26 364 @irent cardiovascular antigen-derived 15peptides>? In another example, Feller and co-workers used a
mer peptides to compare antibody-bindindegrin patients SPOT peptide array to study the binding of SH3 domains in
with mycocarditis and dilated cardiomyopathy to those the CD2AP scalding protein and idengid 40 candidate SH3
healthy patient§? They found three peptide sequencesbinding proteins?
corresponding to three nonoverlapping antigens that areWhen using peptide arrays to identify ligands for receptor
potentially cardiopathogenic. Ayogu and co-workers studi@dding, it is necessary that the peptide bind wittiest
antigen binding specity of autoantibodies in sera from a nity, or more precisely, with a siently slow dissociation
patients with multiple sclerosis andvaccine-associated rate constant so the complex is stable to the washing steps
narcoleptic patients using a peptide array prepared by maskiegaired before imaging of the array. In practice, it is
photolithography. The array had 2.2 million overlappinghallenging to characterize binding interactions with association
peptides that represented sequences found in all humzonstants in the low micromolar range. Many important
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Figure 8.SPOT peptide array to study substrate sjtgaf the methyl transferase HENRReprinted with permission from Kusevic, D.;
Kudithipudi, S.; Jeltsch,The Journal of Biological Che2xt6291 6124 6133 (refl59. Copyright 2016 American Society for Biochemistry
and Molecular Biology.

regulatory interactions in the cell fall in this range and therefdi@K4ac. Additionally, the DNA mismatch repair protein
have not been addressable with peptide arrays. We receMBH6 was found to recognize H3K4me3.

described a variation of the SAMDI method, termed PI-SAMDIAnother important application of peptide arrays is to
(for Proteininteraction SAMDI), that can characterize wealeharacterize the spediies of enzymes for catalyzing
protein peptide interactions in an array formtafThis modi cations to peptides. Jeltsch and co-workers used a
technique uses SAMs having both an immobilized pepti@&OT peptide array having 300 peptides to study the substrate
ligand and a peptide substrate for an enzyme. The receptBgcicCity of the glutamine methyltransferase, HEMK2. The
protein of interest is prepared as a fusion to a reporter enzyf@ptides were designed from a known HEMKZ substrate
As the receptor binds to the immobilized ligand, the enzymelfgsidues 17992 of eRF1) where each amino acid position
brought to the interface where it can then modify its substraf®S Separately substituted with one of the 20 amino acids.
peptide with up to 20-fold greater rate. This results in 4'T@yS were treated with HEMK2 afttHlabeled S-
“covalent recotaf the binding interaction, and theny of adenosylmethionine and methylation was detected using

the complex corresponds to the amount of product on th%;ctg;i?t'%gnrampggf' bgs]z dsg)%dt);]efo(g(gds;qnueunncix\?v(iatcr;[?n anL:Ig;ilr:Ti]na;
monolayer, which can be quadi with SAMDI mass f Hr residues away was required for HEMK2 adigjtye(

spectrometry. PI-SAMDI retains the advantages of a SAMRQIis5 In another example, Xu and co-workers mapped
assay, quantitative, Iabel-fre.e, qnd high throughput with | [)strates for the protein arginine methyltransferase, CARM1,
Suff.aces to prevent n_on_srreprot_eln adsorption and also the using an Intavis CelluSpot afrdfhe array consisted of 192
ability to study low-anity interactions. PI-SAMDI was applied 1 5_mer peptides with a central arginine residue and was treated
to study the binding of chromodomain proteins to methylategiih puried CARM1 andH-labeled S-adenosylmethionine:
peptides found in the histone amino-terminal tails. CARM1 substrates were again detected using autoradiography.
Li and co-workers demonstrated the use of imaging SPR1igjs work found that substrates containing proline-rich motifs
analyze binding of eight histone reader proteins to peptidggre preferentially methylated by CARM1. Finally, Cesareni
derived from post-translationally meli histone amino  and colleagues used a SPOT peptide array consissing®f
terminal tails. The array contained 125 mddhistone phosphorylated pe[7)tides to feoprotein tyrosine phospha-
peptides and was prepared using MEtrsynthesis” The tase (PTP) activity. The array was treated with mutants of
use of SPR allowed kinetic f#® of each binding protein to the PTP domains that could bind the peptide substrates and
be measured. This study cored the strong interaction of the that were fused to a GST tag. PTP substrates were then
transcription initiation factor, TAF3, to the nemtlhistone, recognized using an anti-GST antibody conjugated to a
H3K4me3, as well as the weak interaction between TAF3 androphore. The activity ples of 16 PTP domains were
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Figure 9Wood et al. used SAMDI peptide arrays to study and compare the substiiesspfatiutant and wild type OnipTReproduced
from A Bottom-Up Proteomic Approach to Identify SubstratecBpetiOuter-Membrane Protease OmpT, Wood, S. E.; Sinsinbar, G.; Gudlur,
S.; Nallani, M.; Huang, C.-F.; Liedberg, B.; Mrksiétngéw. Chem. Int., BDI: 10.1002/ange.201707535 1fj. Copyright 2017 Wiley.

obtained, and the results helped identify an important residudhe monolayer surface chemistries of the SAMDI arrays are
for tyrosine phosphatase sp#yi in the substrate binding among the best available for preventing the unwanted
pockets of PTP domains. However, the challenges in dire@bsorption of protein; therefore, the arrays can be used to
detecting phosphatase activity made the assay format nmnele enzyme activities in complex samples derived from cell
complicated (as shown below, SAMDI mass spectrometry gilysates and tissue extracts. Our group used SAMDI peptide
a more direct assay of these activities). arrays to prde the sirtuin and KDAC deacetylase families in

Our group has used SAMDI peptide arrays to study substratdl lysate’$. These studies found that while KDAC activity
specicity of enzymes. One example used a SAMDI peptidemained fairly constant, sirtuin activity was csigtly
array to identify active substrates of the sirtuin deacetylasdecreased during éientiation of CHRF megakaryocytic cells.
SIRT3"*® The active substrate was used to screen SIRT3Another example of using peptide arrays tte mromplex
inhibitors, and a total of 306 inhibitors were idgehtrom a  samples was described by Pieters and co-workers to study the
library of 100000 molecules. In another example, we usasdtivity of O-GIcNAcase in ped form as well as in cell
SAMDI peptide arrays to discover an example whereby dgsates. This work used a Meld peptide array having six 15-
post-translational modation of a histone-derived peptide mer peptides on a porous membrane of aluminunt®xide.
regulates a second post-translational catidn, also known The arrays werest blocked with BSA to reduce nonspeci
as histone crosstafkWe found that acetylation of Histone 3 adsorption to the surface. They were then treated with the
at lysine 14 by the acetyltransferase PCAF is inhibited whenémeyme or lysate and O-GIcNAcase activity was measured by
arginine residue at position 8ri enzymatically methylated observing the decrease in binding afcaescently labeled
or deaminated. anti-GIcNAc antibody. They found thaemint cancer cell

We recently reported an example that used peptide arraydite@s had varying amounts of O-GIcNAcase activity, though the
compare the substrate speités of the OmpT protease with a assay was not quantitative.
mutant form that has been used because of its greater stabilitfhere are challenges in experiments thde @ctivies in
Contrary to the current understanding, we found that theell lysates, however. For instance, enzyme activities can rapidly
mutant does not share the same sjiycas does the wildtype degrade once the lysate is generated and a substantial number
(Figure %*°° Finally, in a study of the lysine deacetylasef cells (100000) can be required to prepare suitable
KDAC8 we found, with Fierke, that the spitgiof the guantities of lysate. To begin to address these limitations, we
enzyme depends on the identity of the active site divalent metadently introduced the Tandem Culture and Lysis-SAMDI
ion, demonstrating a potential mechanism for regulating tiECAL-SAMDI) assdy? where SAMs are engineered to
activity of an enzyme for its substtaldhese examples show present a peptide substrate for the relevant enzyme as well as a
that peptide arrays are critical for characterizing theitspeci peptide that mediates cell adhesion. Cells can be cultured on
of an enzyme, as it is important to identify sequences that #ie monolayers and then upon lysis the released enzymes can
both active and inactive for a given enzyme. directly, and without delay, modify the peptide substrate. After
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removal of the lysate, the array is analyzed with SAMDI massgquely compatible with the use of SAMDI mass spectrometry
spectrometry to quantify enzyme activities. We showed that ttaperform a broad range of label-free assays.
method could measure phosphatase activities from as few as 5
cells per spot. More recent work has used nanopatterned AUTHOR INFORMATION
surfaces to present extracellular matrix proteins (as opposee
short peptides) to mediate the cell adhesion and make tf)
method applicable to a broader range of celltypes.
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