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Introduction

The way of the development of the cellulose-bound peptide arrays leads via the
synthesis of oligonucleotides on cellulose pieces (Frank et al., 1983) and multiple
peptide synthesis on cellulose paper discs in columns (Frank and Ddring, 1988).
Probably inspired by the addressahility of the multipin method (Geysen et al., 1984),
Ronald Frank and co-workers developed SPOT synthesis and first presented the
method in 1990 at the 21st European Peptide Symposium (Frank et al., 1991). Today,

*To whom correspondence may be addressed (bob@cmdr.ubc.ca)

Abbreviations: Ac, acetyl; Alloc, allyloxycarbonyl; ADAMSs, adisintegrin and metalloprotease; ATP, ad-
enosine 5'-triphosphate; CD, circular dichroism; CDI, 1,1"-carbonyl-diimidazole; DCM, dichloromethane;
Dde, 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-ethyl; DIC, N,N"-diisopropy! carbodiimide; DIPEA,
diisopropylethylamine; DKP, diketopiperazine; EEDQ, 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline;
Fmoc, 9-fluorenylmethoxycarbonyl; GM P, guanosine monophosphate; HATU, O-(7-azabenzotriazole-1-
yl)-tetramethyluronium hexafluorophosphate; HBTU, 2-(1H-benzotriazole-1-yl)- tetramethyluronium
hexafluorophosphate; HIV, human immunodeficiency virus, HOBt, N-hydroxybenzotriazole; ivDde, 1-
(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl; NMR, nuclear magnetic resonance; MRSA,
methicillin resistant Saphylococcus aureus; MSNT - 2,4,6-mesitylene-sulfonyl-3-nitro-1,2,4-triazole;
ODhbt, 3-hydroxy-2,3-dihydroxy-4-oxobenzotriazolyl; ODNp — 2,4-dinitrophenyl; OPfp,
pentafluorophenyl; PEG, polyethyleneglycol; PNA, peptide nucleic acid; PyBOP, benzotriazole-1-yl-oxy-
tris-pyrrolidino-phosphonium hexafluorophosphate; SDS, sodium dodecyl sulfate; STOPR, stable tubule
only polypeptides, TBTU, 2-(1H-benzotriazole-1-yl)- tetramethyluronium hexafluoroborate; tBu, tertiary-
butyl; TFA, trifluoroacetic acid; TIBS, triisobutylsilane; TIPS, triisopropylsilane; TsCl, tosylchloride.

The abbreviations, one and three letter codes for the amino acids and peptides are according the UIPAC-
1UB convention (IUPAC-1UB, 1984).



32 K.HILPERT et al.

SPOT synthesisisone of the most frequently used array methodsfor screening peptides
and other compounds, and provides both solid-phase assays aswell as sol ution-phase
assays.

The first arrays applying the SPOT method were synthesized manually (Frank,
1992). This technique requires no special equipment, but because it is laborious,
manual SPOT synthesis is recently only used for screening of a small number of
peptides (e.g. Petersen, 2002; Santonaet al., 2002). In order to screen larger numbers
of peptides or peptide mixtures automation of the synthesiswas necessary. In principle,
any X/Y-programmabl e pi petting workstation could be used, but due to the minimum
aspiration volume of 0.5 microlitres, most of these machines are only useful for large
spotswith adiameter of about 6 millimetres. To place thousands of spots on asingle
membrane sheet requires more precise pipetting machines with lower minimum
aspiration volumes. Thisiswhy semi-automated (Intavis, Kéln, Germany - Gausepohl
and Behn, 2002) and fully automated synthesizers (Intavis, Kdln, Germany; Jerini
Peptide Technologies, Berlin, Germany - Zerweck et al., 2003) were developed (Figure
1). There are now publications that describe the parallel synthesis of afew peptides
(e.g. Biadek et al., 2003) up to approximately 25,000 peptides using the SPOT method
(Schneider-Mergener and Kramer, 1994). Thevery large number of different peptide
seguences synthesized meansthat coupling yields can vary and therefore the amount,
aswell asthe purity of the peptides may differ. Dueto the low amount of peptide per
spot, another disadvantage is that these peptides are very difficult to purify. The
limitations of thereliability of the SPOT technol ogy were described by several authors
(Kramer et al., 1999a; Landgraf et al., 2004; Weiser et al., 2005).

Figure 1. Semi-automatic spotting robot (left) and a fully automatic spot synthesizer (right) (IntavisAG,
Koln, Germany).

SPOT synthesis of peptides on cellulose membranes is a special type of solid phase
peptide synthesis. Each spot can be seen as a separate reaction vessel. Like all other
chemical peptide syntheses, and in contrast to methods using biological systems,
SPOT synthesis is not restricted to gene-encoded amino acids. Many publications
have reported peptide synthesiswith D-amino acids (e.g. Piossek et al., 1999b, Stigler
etal., 1999; Rudiger et al., 2001) or unnatural amino acidsusing the SPOT technology
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(Toepert et al., 2003; Wildemann et al., 2006). In addition, insertions of hon-amino
acid building blocks greatly enhance the variahility of the structural spacethat can be
covered (Volkmer-Engert et al., 1997). When comparing achemical (SPOT synthesis)
and abiological library (phage display) for epitope characterization, Kramer and co-
workerswrote that “... with regard to ease of handling and identified sequences, the
chemical libraries are clearly favoured to study antibody-epitope interactions’.
(Kramer et al., 1995).

Here, we present an overview of the current state of preparation of cellulose
membranes, synthesis of peptides on cellulose support and applications using the
SPOT method. However, owing to the overwhelming body of literature on thistopic,
complete coverage is probably not feasible.

M embranes

SPOT synthesisis described as a solid-phase synthesis method on porous and planar
surfaces (membranes). The classical and widely used solid support for SPOT synthesis
is cellulose (Frank, 1992). Cellulose is available in aimost every laboratory asfilter
paper, and in contrast to other screening surfaces is very inexpensive. Cellulose
membranes are porous, hydrophilic, flexible and stable in the organic solvents used
for the peptide synthesis. These properties make cellulose membranes very useful
for biochemical and biological investigations of interactions in aqueous as well as
organic media. In contrast to polymer membranes, cellulose shows high thermo-
stability up to temperatures of about 180 °C, making it possible to use cellulose
membranes for reactions at elevated temperatures (Blackwell, 2006). To date filter
papers have been mostly used as the solid support. The preferred types of filter paper
are

- Whatman Chrl (e.g. Adler et al., 1994; Santona et al., 2002; Bowman et al.,
2006h)

- Whatman 50 (e.g. Dong et al., 2003; Hujer et al., 2004; Hilpert et al., 2005b)
- Whatman 540 (e.g. Tegge et al., 1995b; Cruz et al, 2004a; Kopecky et al., 2006b)

Several specially prepared cellulose membranesare commercialy available (e.g. from
AIMS Scientific Products, Braunschweig, Germany, and Sigma-Genosys/Sigma-
Aldrich, St. Louis, USA). The latest development are TFA-soluble cellulose
membranes to multiply the synthesized cellulose-bound peptide macroarray by
transferring the solutions to a number of microarrays (Beutling et al., 2005; Zander
et al., 2005; Dikmans et al., 2005).

Several materials other than cellulose can be used as solid supports, e.g. polymer
membranes (Gao and Esnouf, 1996; Volkmer-Engert et al., 1999; Zander et al., 2002),
nitrocellulose and PVDF membranes (Strutzberg et al., 1995; Papagrigoriou et al.,
2004; Drakulovski et al., 2003). Other synthesis and screening methods on planar
surfaces using glass slides (Fodor et al., 1991) or compact discs (Frank, 2002; La
Clair and Burkhart, 2003) or by reagent delivery with an ink-jet printing system
(Cooley et al., 2002) have been described.
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M odifications
MEMBRANE FUNCTIONALIZATION

Cdluloseisapolysaccharide with free hydroxyl groups. Sincethesefunctional groups
areless reactive than amino groups, the direct attachment of amino acids often leads
to very low yields. To make the cellulose suitable for the synthesis of peptidesit is
necessary to modify its surface and change the functionalization from hydroxyl to
amino groups (see Table 1). Modification of the cellulose membrane often involves
insertion of a spacer molecule permitting better accessibility to the amino groups on
themembrane. The use of aspacer leadsto anincrease of the distance of the synthesized
peptides from the membrane surface and thusimprovestheir accessibility to proteins
during probing of such an array.

The easiest and an often utilized derivatization of cellulose membranes is the
esterification using 3-alanine with DIC, and the additional coupling of a second 13-
alanine asaspacer (Frank, 1992; Durauer et al., 2006). Esterification of the cellulose
with glycine can increase functionalization, particularly if CDI is used instead of
DIC (Kamradt and Volkmer-Engert, 2004). This higher functionalization, and
potentially higher yields of peptides, is of special interest for applications requiring
high peptide concentrations in soluble assays, where the peptides are to be cleaved
from the membrane (e.g. Kamradt and Volkmer-Engert, 2004; Hilpert et al., 2005a).
Asan dternative to using two R-alanines, it is possible to use e-aminohexanoic acid
(Gausepohl and Behn, 1998). One method of releasing free peptides from the
membrane involves cleavage through the formation of diketopiperazines at the C-
terminus (see section: Linker and cleavage from membrane support), in which case
the membrane has to be modified by coupling proline directly to the cellulose as the
first amino acid (Frank and Overwin, 1996).

Other possihilities for the esterification of cellulose include MSNT activation of
the amino acids (Blankemeyer-Mengeet al., 1990) or the use of amino acid fluorides
(Wenschuh et al., 1999). The esterification of the cellul ose creates ester bonds between
the amino acid and the cellulose. Ester bonds are labile, and particularly at high pH
the peptide can be cleaved from themembrane. A Gly-Gly modification of the cellulose
isparticularly unstable, and due to spontaneous diketopiperazine formation can cause
the capacity of the cellulose to decrease with storage and during each Fmoc
deprotection step. Additionally, in contrast to the non-proteinogenic 3-alanine, the
Gly-Gly motif can cause non-specific interactions to antibodies (Frank, 1992).

In some cases, a high density of peptides can cause difficulties (e.g. “ring spot
effect”; Kramer et al., 1999a) when assessing the interactions with the molecules of
interest. If such difficulties occur, or to investigate the peptide concentration
dependency of selected interactions, a reduction in amino group loading may be
necessary. When using [3-alanine as spacer molecule, several methods to reduce the
peptide density have been described. One possihility isthrough the coupling of defined
mixtures of Fmoc-[3-Ala-OPfp and Ac-3-Ala-OPfp. This results in blocking of part
of the amino groups on the membrane by acetylated R-alanine, leading to a lower
functionalization of the membrane (Kramer et al., 1999a; Gail et al., 2005) Other
possihilitiesinclude the funtionalization of the membrane with (3-alanine at different
concentrations (Otvos Jr et al., 2000) or the synthesis of the peptide using lower
amino acid concentrations (Durauer et al., 2006).
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Table 1. Types and density of amino functionalization of distinct cellulose
membranes.

Cellulosetype Functionalization & Activity References
treatment [umol/cm?]
3-Alanine 0.4-0.6 Frank and Overwin, 1996;
Frank et al.,1996
TsCl + diamino-PEG-3 + ~4.0 Linetal., 2005

microwave irradiation

TFA pre-treatment +
TsCl + diamino-PEG-3 + 3.8-10 Bowman et al., 2006b
microwave irradiation

Whatman Chrl TsCl + diamino-PEG-3 + ~0.45 Linetal., 2005
microwave irradiation +
linker
TFA pre-treatment + 18-26 Bowman et al., 2006b

TsCl + diamino-PEG-3 +
microwaveirr. + linker

Whatman50 R-Alanine 0.2-04 Frank and Overwin, 1996;
Frank et al., 1996

Ac-%-alanine/3-alanine 0.28—-0.01 Kramer €t al., 1999a

Amino-epoxy 0.05-0.20 Volkmer-Engert et al., 1997;
Wenschuh et al., 2000;
Landgraf et al., 2004

Epoxy + diamino-PEG-3 02-15 Ast et al., 1999; Wenschuh et

al., 2000
Glycine 08-19 Kamradt and Volkmer-Engert,
2004
Different amino acids 02-17 Streitz et al., 2003
Whatman 540 R-Alanine 0.2-0.6 Frank and Overwin, 1996;

Frank et al., 1996

AIMS amino-PEG 0.4-0.6 Otvos Jr et al., 2000; Gail et
al., 2005
amino-PEG 2.0-50 Zander, 2004

To achieveachemically stable bond between the amino acid and the cellulose abond
other than an ester bond is necessary. The preparation of cellulose membranes with
chemically stable bonds has been described for the attachment of the amino acid or
another spacer via ether or amide bonds (Volkmer-Engert et al., 1997; Wenschuh et
al., 2000; Bowman et al., 2006b).

The first description of a chemically stable peptide-cellulose bond reported the
reaction of protected amino-epoxy derivatives to yield an ether bond between the
coupled molecule and the cellulose. After cleavage of the amino protection group
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from the coupled molecule, the membrane was ready to use for peptide synthesis
(Volkmer-Engert et al., 1997). Disadvantages of this procedure are undesired side
reactions and that it is labor intensive (Wenschuh et al., 2000).

Another method for attaching amino acids is the covalent coupling of a diamine,
e.g. diaminopropane (Landgraf et al., 2004) or 4,7,10-trioxa-1,13-tridecanediamine,
an aminated PEG-3 unit, (Ast et al., 1999). The stable diamine bond can be achieved
either through treatment of the cellulose with epibromohydrine, followed by reaction
of the diamine with the coupled epoxy unit at elevated temperatures (Licha et al.,
2000) or by tosylation of the cellulose with tosylchloride and substitution of the tosyl
group with diamine using microwave irradiation (Bowman et al., 2004; Lin et al.,
2005).

Of special interest for investigating complex peptide-protein interactions are peptide
spots containing more than one peptide. The SPOT-DS method (SPOT-DS = double
spot; Espanel et al., 2003; Espanel and van Huijsduijnen, 2005) uses a mixture of
Fmaoc-R-alanine and Alloc-3-alanine. Thisorthogonal protecting group strategy makes
it is possible to synthesize two different peptide sequences on asingle spot. A similar
result was achieved with the IANUS (= induced organization of structure by matrix-
assisted togetherness) method by the application and successive deprotection of
orthogonal protected Fmoc-Lys(Dde)-OH (Yu et al., 2005). A technique based on the
SPOT-DS method allowed the synthesis of four distinct peptides on one spot.
According to this method, which is called SPOT* (= 4 peptides per spot; Espanel and
van Huijsduijnen, 2005), the coupling of orthogonal protected Fmoc-Lys(ivDde)-
OH to the stepwi se deprotected al anine mol ecul es and successive deprotection of the
lysines, permitted successive syntheses of four peptides.

Already modified cellulose membranes are also commercially available; for instance
with a stably attached aminated spacer of 8 to 12 PEG units (PEG, ) (AIMS,
Braunschweig, Germany) (Gausepohl and Behn, 2002; Zander and Gausepohl, 2002).
In contrast to common cellulose membranes, these membranes are stable under strong
acidic and basic conditions (Zander, 2004). Thismay be an advantagefor regenerating
membranes after probing experimentsaswell asfor using harsher synthesisconditions.

LINKER STRATEGIESAND CLEAVAGE FROM THE MEMBRANE SUPPORT

In order to obtain free peptides from the cellulose it is necessary to cleave the C-
terminal bond between the peptide and the modified cellul ose surface. Also to obtain
cellulose-bound peptides with a free C-terminus (see M odifications) the C-terminal
part must berel eased from the membrane (see Peptide modifications). Thisisgenerally
carried out through use of an appropriate linker molecule coupled to the cellulose
support.

In cases in which the peptide is coupled via an ester bond ([3-alanine of glycine
spacer), this bond can be hydrolyzed by treatment at high pH (>9). Several reagents
are suitable, e.g. aqueous solutions of ammonia, sodium hydroxide, trialkylamines
or lithium carbonate (see Table 2). A widely used method for yielding soluble peptide
amides is the treatment of dry membranes with ammonia vapor (Bray et al., 1991a
and 1993). When the cleavage is carried out with nucleophils in an anhydrous
environment, the substitution of the ester bond leads to amides, hydrazides and other
derivatives of the carboxy function (Ast et al., 2001).
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Table 2. Published linker types attached to cellulose supports including the
cleavage methods used to rel ease the peptides from the membrane.

Linker type  Cleavage conditions C-Terminus References
gaseous ammonia amide Wenschuh et al., 1999; Drabner
et al., 2002; Ehrlich et al., 2005
hydrazine hydrazide Astetal., 2001
hydroxyl amine hydroxyl amide Ad et al., 2001
ag. NaOH free carboxy group  Streitz et al., 2003
aqg. triethylamine free carboxy group  Lizcano et al., 2002
prim. alkyl/aryl amine akyl/aryl amide Ad et al., 2001
Allyl-Linker  palladium(0)-catalyst free carboxy group Blankemeyer-Menge and Frank,
1988
Boc-Imidazol- TFA + aqg. buffer free carboxy group  Hoffmann and Frank, 1995;
Linker Gonzalez-Gil et al., 1998
Boc-LysPro TFA + ag. buffer diketopiperazine Geginat et al., 1998; Ede, 2002;
Zander, 2004
HMB linker  gaseous ammonia amide Volkmer-Engert et al., 1997 and
1998
photo-labile UV irradiation at amide Ast et al., 1999; Scharn et al.,
linker 365 nm 2001; Lin et al., 2005
Rink-amide- TFA amide Rau et al., 2000; Haehnel, 2004
linker TFA vapor Scharn et al., 2000
Thioether gaseous ammonia amide Volkmer-Engert and Schneider-
(thiol + Mergener, 1999; Lichaet al.,
coupled by 2000
amino acid NaOH/H_O/methanol  free carboxy group  Lichaet al., 2000
haloalkyl NaOH/H_Ofaceto- free carboxy group Bhargavaet al., 2002
esters) nitrile
Wang-Linker  TFA vapor free carboxy group Bowman et al., 2004

Another possibility to achieve defined cleavage reactionsis the cleavage of the peptide
fromaC-terminal linker moleculethat isinserted by coupling to the (modified) cellulose
before coupling of the first amino acid. Several linker systems have been described:
Wang-linker, allyl-linker, imidazole-linker, photolabile linker etc. (see Table 2).

A very simplelinkage system isthe Boc-Lys-Pro sequence that is directly coupled
to the cellulose membrane. The first amino acid of the peptide sequence couples to
the side-chain amino group of thelysine. After thefinal acidic side-chain deprotection,
the peptide is released in aqueous buffers by forming diketopiperazines (Bray et al.,
1991b).

The modification of the cellulose with a maleinimide-linker in order to form a
covalent bond to the sulphur of the thiol group of a cysteine-containing peptide was
described by Otte et al., 2003.
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Several publications have reported the transfer of the peptides after deprotection
and cleavage from the cellulose membrane to glass slides (Lizcano et al., 2002;
Rychlewski et al., 2004). Dueto the small volumetransferred, hundreds of microarrays
can bederived from asingle cellulose peptide array synthesized by the SPOT method.
This method thus provides the opportunity for multiple screening of the synthesized

peptides.

SPOT synthesis of peptides

Peptide synthesis using the SPOT method follows a solid phase peptide synthesis
protocol (see Figure 2). Theside-chain protection strategy for theamino acids usually
follows Fmoc-/tBu-chemistry (Fields and Noble, 1990). After membrane
functionalization, the amino acids are coupled either as an active ester solution or as
in situ activated mixtures (see Coupling methods). Usually a double coupling of the
amino acid solution is performed. The coupling is monitored by checking the free
amino groupsthrough stai ning with amethanolic bromophenol blue solution (Krchnak
et al., 1988). After coupling, the color of the stained peptide spot changes, depending
on the coupled amino acid derivatives, from blue to green or yellow. After the amino
acid coupling, the remaining free amino groups are blocked by acetylation (capping).
Then the Fmoc group is removed by treatment with 20% piperidine/DMF to prepare
the membrane for the next coupling step. Thelast step after the compl ete assembly of
the peptide chain is cleavage of the side-chain protection groups by treatment with
TFA (seeFinal side-chain deprotection methods). Further special treatment isnecessary
to yield free unbound peptides (see Linker strategies and cleavage from membrane
support).

COUPLING METHODS

There are two principal activation routes for the coupling of amino acids, the first
being in situ activation of the amino acids. These activations are mostly carried out
with DIC and HOBL shortly before coupling (Frank and Overwin, 1996; Zander and
Gausepohl, 2002; Ehrlich et al., 2004). In comparison to the other main activation
route, reagent costs are lower and this method is applicable to all amino acids. But
due to the formation of poorly soluble urea, difficulties can arise through needle
blocking during automated delivery. Moreover, these reagent mixtures have to be
freshly prepared every day. |n addition to thismethod, the use of other in situ activation
methods have been described, e.g. using activatorslike HATU, HBTU or TBTU with
bases like DIPEA (Volkmer-Engert et al., 1997; Giuliani et al., 2005) or the use of
activatorslike PyBOP as an additive to DIC (Pfleger] et al., 2002). The activation of
amino acid with EEDQ was carried out by Toepert et al. (2003).

The other principal activation route is the use of pre-activated amino acids. The
commonly used pre-activated amino acid derivatives are pentafluorophenyl esters
(Stigler et al., 1995; Hilpert et al., 2005a; Kopecky et al., 2006b). Unfortunately,
only selected pre-activated amino acids (i.e. all common L-amino acids) are
commercialy available. All solutions of the OPfp-derivatives, except the arginine
derivative, are stable at —70°C for at |east one month and at room temperature for at
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Figure 2. Schematic workflow of SPOT synthesis.

least one day (Frank, 1992). Therefore, the OPfp-amino acids (except arginine) can
be prepared once for the complete syntheses. Other preactivated amino acids
derivatives used are N-carboxy anhydrides (Frank, 1992), ODNp esters (Weiser et
al., 2005) or ODhbt esters (Kramer and Schneider-Mergener, 1998b). The advantage
of this method is that in contrast to the first method described, preparation of the
coupling solution is easier, since only one reagent (the pre-activated amino acid) is
necessary, and there are no problems caused by the formation of urea crystalsin the
activation solution. For the results of investigations into the efficiency of selected
activation methods see Molina et al. (1996) and Gausepohl and Behn (1998).

In order to achieve equivaent coupling ratios of amino acids in mixtures during
combinatorial synthesis of peptides, Volkmer-Engert and co-workers investigated
the most useful concentration of the amino acidsin amixture (Volkmer-Engert et al.,
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1994 and 1995). Following these results, 0.8 equivalents of the amino acid mixture
were often used (Kramer et al., 1994).

The purity of peptides synthesized on cellulose was reported by Takahashi et al.
(2000) to be higher than 92%. But several authors have described lower purities (e.g.
Kramer et al., 1999a).

Molinaet al. (1996) reported, depending on the coupling method, a coupling yield
per cycle of 74.4% to 91.3%. Due to incomplete coupling and to avoid deletion
seguences, the use of acapping step to block free uncoupled N-terminal amino groups
is recommended. Capping was described using acetic anhydride at various
concentrations (Otvos Jr. et al., 2000; Petersen, 2002; Gail et al., 2005) and
alternatively by using 2% acetic anhydride with 2% DIPEA (Kramer and Schneider-
Mergener, 1998b).

Oneinteresting approach isthe combination of spot synthesiswith native chemical
peptide ligation to synthesize large peptides (for native chemical ligation, see Kent,
1997). Toepert et al. (2003) described the synthesis of 38-mers using this method. A
similar technique was published by Lu and Tam (2003) for coupling a dye-peptide
thioester complex to a cysteine containing peptide.

A specia application isthe adaptation of the synthesis of TASPs (template assembled
synthetic proteins; Mutter and Vuilleumier, 1989) to the SPOT technique on cellulose
membranes (Haehnel, 2004). The single peptide chains were synthesized separately
and then successively coupled to the membrane-bound cyclic peptide template (Rau
et al., 2000; Schnepf et al., 2001 and 2004). Dueto the fixation on the membrane and
the interaction between the assembled peptide chains, a highly structured molecule
could be assembled, which could be considered a small protein.

Thelatest development in SPOT synthesisisthe use of elevated temperaturesduring
coupling reactions on the cellulose support (Bowman et al., 2006b). In particular,
heating of the membrane by microwave irradiation was carried out (Bowman et al.,
2004 and 2006a; Blackwell, 2006). Similar to solid phase synthesis, the use of
microwave irradiation during SPOT synthesis may lead to a decrease in reaction
times, and yield increases are also possible (Grieco, 2004; Rybka and Frank, 2005).

PEPTIDE MODIFICATIONS

During and after assembly of the peptide chain, several modificationshave been decribed.
The most common modification of the synthesized peptidesisthe N-terminal acetylation
(e.g. Torrenset al., 1999). N-terminal acetylation leadsto improved proteolytic stability
of the peptides and avoidsthe positive charge of the N-termina amino group. Similar to
capping, the use of acetylation solutions was described with only acetic anhydride at
various concentrations (Frank and Overwin, 1996; Laune et al., 2002; Espanel and van
Huijsduijnen, 2005) or using acetic anhydride with DIPEA (Kopecky et al., 2006b).

The synthesis of phosphorylated peptides was performed by using O-phosphorylated
serine, threonine and tyrosine (Espanel et al., 2002; Wélchli et al., 2004; Frese et al.,
2006). Other modified amino acids that can be incorporated into the peptide chain are
biotinylated lysine (Kramer et al., 1999b) or lysine coupled with a fluorescent dye
(Reineke et al., 1999¢). The SPOT synthesis of glycopeptides was described using
unprotected activated amino acids with acarbohydrate moiety coupled totheside-chain
(Jobron and Hummel, 2000).
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In case modified amino acids are not available, the required modifications can be
obtained by modifying theamino acids, for exampl e, by coupling amodifying building
block either to the ci-amino group of the N-terminal amino acid or to the side-chain
amino group of diamino acids such aslysine or ornithine (Duan and Laursen, 1994,
Volkmer-Engert et al., 1997, Licha et al., 2000). A specia type of N-terminal
modification was shown by Niggemann et al. (2002), where modification of positions
1 and 4 of an N-terminal coupled cis-4-amino proline by natural product building
blocks was carried out.

An often described peptide modification after assembly of the peptide chain is
cyclization of the peptides (Kramer et al., 1994; Winkler, 1997b; Winkler et al.,
1998). Because of therelatively feasible reaction, thismostly involves cyclization of
unprotected peptides via disulfide bridges (Winkler et al., 1996; Hilpert et al., 2000;
Otte et al., 2006). Reineke et al. (1999¢) reported the synthesis of disulfide-cyclized
peptideswith lengths of up to 32 amino acids. Cyclizationiscarried out by incubation
of the membrane in buffer at apH of about 7.5, or 10% to 20% DM SO in this buffer,
or using charcoal at a1:1 massratio of charcoa to membranein asimilar buffer. The
synthesis of cyclic peptides with two distinct disulfide bonds is more sophisticated,
dueto the necessity for orthogonal cysteine protection (Welschof et al., 1999; Reineke
et al., 1999d).

Similar difficulties occur during cyclization viaan amide bridge, where orthogonal
protection groups are also used (Winkler et al., 1995; Hahn et al., 2001). The amide
bridge can be built viathe C-terminal carboxy group and the N-terminal amino group,
between two side-chains with a functional group or, by coupling between a side-
chain functional group and a terminal functional group (Winkler, 1997a). A special
type of cyclization was described by Scharn et al., 2001. The described peptides
were cyclized via N-terminal coupled halogenated heterocycles and the side-chain
amino group of alysine under microwave irradiation.

The standard synthesis protocol for SPOT technology resultsin afree N-terminus
and a C-terminusthat is bound via a spacer to the cellulose support. Severa proteins
can only recognize peptides when a free C-terminus is present (Boisguerin et al.,
2004). To achieve afree C-terminus, one possibility isto couple the first amino acid
(Glu or Asp) to the cellulose viaits side-chain. The result of this strategy is to gain
the corresponding amides (GIn and Asn) and the free a-carboxy group of the C-
terminus (Wildemann et al., 2006). Applying this procedure, the C-termina amino
acid is till bound to the membrane via its side-chain group.

In order to achieve acompletely free C-terminusthe coupled peptide hasto change
its orientation without losing the bond to the cellulose. Thisis possible according the
principle described for solid phase synthesison resin by Kaniaet al., 1994. Thefirst
step iscyclization of the peptide viaits N-terminus to an orthogonal protected linker
molecule, followed by cleavage of the C-terminal bond to the solid support. Recently,
this principle was successfully adapted to SPOT synthesis and described in two
methods (Hoffmiller et al., 1999a; Boisguerin et al., 2004).

FINAL SIDE CHAIN DEPROTECTION METHOD

Dueto the Fmoc/tBu-protection strategy, cleavage of the side-chain protecting groups
is carried out using TFA. Using the common cellulose filter paper treatment with
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TFA is limited because of the lability of this cellulose material at high acid
concentrations (Zander, 2004). Different cleavage procedures have been published.
The first published and also widely used cleavage mixture contains 50% TFA and
additional scavengers (e.g. water, trialkylsilane, phenol) in DCM (Frank et al., 1992;
Tegge et al., 1995b; Giuliani et al., 2005). But some protecting groups need to be
cleaved at higher TFA concentrations. In particular, the Pbf protecting group of the
arginine has to be cleaved at TFA concentrations higher than 50%. To overcomethis
problem, several cleavage methods were described (see Table 3). According to our
own experience, the use of 90% TFA for 30 minutes and an additional treatment with
50-75% TFA for another 3 hours is the most favourable deprotection method for the
side-chain deprotection of the peptides synthesized on cellulose filter paper.

Table 3. Overview of published side-chain deprotecting methods.

Cellulosetype TFA treatment Scavangers References

90% TFA, 3h

5% water + 3% phenol

Hilpert et al., 2000 and

+ 2% TIPS 2001
90% TFA /DCM, 3% TIBS+ 2% water  Hilpert et al., 2005a
05h+50%TFA/  + 1% phenol
Whatman 50 DCM, 2h
90% TFA /DCM, 3% TIBS + 2% water Lichaet al., 2000
0.5 h +50% TFA/ + 1% phenol
DCM, 3h
50% TFA /DCM 3% TIBS+ 2% water ~ Tegge et al., 1995b;
Munch et al., 1999
Whatman 540 90% TFA /DCM, 3% TIBS + 2% water Kopecky et al., 2006b
0.5 h +50% TFA/ + 1% phenol
DCM, 25h
Whatman* 80% TFA, 4 h 12% thioanisole Kato et al., 2006
+ 6% ethanedithiol
+ 2% m-cresol
AIMS/ 50% TFA /DCM 3% TIBS + 2% water Giuliani et al., 2005
Abimed / 13.5% m-cresol + 13.5%
Intavis 46 % TFA thioanisole + 13.5%

water + 13.5%
ethanedithiol

Otvos Jr et al., 2000

* No further specicication available.

When using commercially available acid-stable cellulose membranes, it is possible
to carry out the cleavage of the side-chain protecting group with the same cleavage
mixture as used for the common Fmoc solid-phase peptide synthesis, namely a
treatment with approximately 90% TFA for 3.5 hours.
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SPOT synthesis of non-peptidic compounds

To complete the overview of the SPOT method we include here a short introduction
to the synthesis of non-peptidic compounds using this technique. The synthesis of
non-peptidic compounds or peptides with non-peptidic elements has been carried
out on cellulose as well as polypropylene membranes. Using the SPOT technique,
one of the most frequently synthesized non-peptidic compounds is a peptoid
(Zuckermann et al., 1992). These compounds are synthesized pure or as hybridsin
peptides, so-called peptomers (Ast et al. 1999). Zimmermann et al. (2003) investigated
the possibility of replacing natural amino acids by peptoidic elements. Screening of
an array of 8000 hexapeptoids and peptomerswas carried out by Heine et al. (2003).
Hoffmann et al. (2006) described the transformation of abiologically active peptide
into peptoid analogs while retaining biological activity.

Another application of the SPOT method is the synthesis of oligomers of peptide
nucleic acids (Gausepohl et al., 1998). Weiler et al. (1997) described the synthesis of
aPNA oligomer library, with coupling yields of >97%.

The synthesis of small organic compounds is a broad field for the application of
SPOT synthesis (Blackwell, 2006). Table 4 shows anumber of typesof small organic
molecules synthesized by the SPOT technique. These syntheses were often carried
out using elevated temperatures, in particular by microwave irradiation.

Table 4. Small organic molecules synthesized using the SPOT method.

Organic compounds References

sec. Amides Lin et al., 2005
chalcones Bowman et al., 2004
cyanopyridines Bowman et al., 2006a
deazalumazines Bowman et al., 2006a
dihydropyrimidines Bowman et al., 2004
hydantoins Heineet al., 2001
2-oxopiperazine Zander et al., 2002
triarylpyridines Bowman et al., 2006b
trisamino-/ amino-oxy-triazines Scharn et al., 2000

Regeneration of the membranes

After probing the membranes with proteins it is possible to re-use them after a
regeneration process (stripping). The regeneration mixture consists of ingredients
that break the structure of the bound protein (e.g. mercaptoethanol, thiourea or urea)
and a detergent such as SDS to remove the protein from the cellulose (Harkdnen et
al., 2002; Kovacs-Nolan et al., 2003; Schmidt et al., 2004). Often a second
regeneration step by treatment with diluted acid follows. Zander described the stripping
of commercially available, chemically modified, stabile cellulose membranes by
treatment with highly concentrated TFA (Zander, 2004).
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Common cellulose filter papers with ester-bound peptides are unstable in strong
chemical conditions, but after probing they can be regenerated up to 20 times using
mild regeneration conditions (Martens et al., 1995).

Array strategies

The principal array strategies provided by peptide SPOT synthesis are: peptide scan,
substitution analyses, length analyses, random libraries and combinatorial libraries.
All these strategies were well known before the SPOT technology was devel oped
(e.g. Geysen et al., 1984; Geysen et al., 1985) and were subsequently adapted for
peptide synthesis on cellulose supports.

A peptide scan is used to detect aregion of interest within a selected protein with a
known sequence. The linear protein sequence is fragmented into different peptide
seguences. To increase the chances of hitting the peptide with the desired function,
the fragmented peptides may overlap (see Figure 3). As aresult, the whole protein
seguence may be narrowed down to one or afew peptide sequences. These peptides
can then be used for further techni ques, such as substitution analysisor length analysis,
to gain a deeper understanding of the interaction. An additional coupling of amino
acid mixtures to the N- and C-termini of the peptide sequence can lead to an
enhancement of the binding strength and so to an improved detection of weak
interactions (hybritope scan, Reineke et al., 1998a).

Theterms* substitution analysis’, “ substitutional analysis’, “replacement analysis’
or “mutational analysis’ have been used in the literature as synonyms; in this review
“substitution analysis’ is used throughout. Each amino acid of the original, or so-
called wild type peptide sequence (wt) is substituted by all other 19 gene-encoded
amino acids, or any other selected non-gene encoded amino acid. Figure 4 showsthe
principle of this approach. This technique is a powerful tool for investigating the
importance of each amino acid for the interaction of interest. This information can
hel p identify key amino acidsor important patternsfor theinteraction. That knowledge
may |ead to improvements of distinct properties (e.g. affinity, hydrophilicity, biological
activity). By applying this strategy in a stepwise manner, peptides can be optimized
for thedesired activity (e.g. HoffmUller et al., 2000; Hilpert et al., 2000). A simplified
substitution analysisis replacement of the amino acids of the wild type sequence by
only one distinct amino acid, e.g. alanine (“aanine scan”, “aanine walk” “aanine
substitution peptide array”; Gao and Esnouf, 1996; Hilpert et al., 2005b; Bolger et
al., 2006), glycine (“glycinewalk” or “glycine scan”; Kneissel et al., 1999; Blithner
et al., 2002; Liang et al., 2003) or tyrosine (Wélchi et al., 2004). Modifications of
such simplified substitution analyses are AAA-Scan (Podolnikovaet al., 2005), “Ala
reverse scanning” (Espanel et al., 2002) and progressive Ala-Scan (Espaniel and
Sudol, 2001).

A length analysis can be useful to identify the shortest possible peptide sequence
for the interaction of interest. An example is given in Figure 5. Most commonly, a
length analysis will be carried out to determine the minimal epitope sequence of an
antibody (e.g. Gao and Esnouf, 1996; Blithner et al ., 2000). Using the minimal length
for further investigations may save money and time, aswell asopen up anew spectrum
of methods.
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Figure 3. A Example of apeptide scan of a14-mer peptide sequence, using 6-mer peptide fragmentswith
an overlap of threeamino acids. B The resulting sequences for aduotope scan of this 14-mer peptide using
6-mer peptide fragments with an overlap of three amino acids. C On top is an example of a cellulose
membrane probed with amonoclonal antibody. The peptide sequences stem from a peptide scan (7-mer, 6
positions overlapping) from the miniprotein sequence given in the middle. At the bottom all peptidesfrom
the peptide scan are presented, the peptides showing binding signalstowards the antibody are labeled with
bold type.
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Libraries are powerful tools for the screening large numbers of peptides. A random
peptidelibrary contains asingle peptide sequence on each spot, generated by arandom
algorithm (Reineke et al., 2002a; Lenze et al., 2006). An exampleisgivenin Figure
6. The generated sequences can aso be semi-random. In the case of semi-random
libraries, selected amino acids or properties (e.g. charge or hydrophobicity) can be
fixed or biased within the random set. Sincetheintroduction of automation for SPOT
synthesis it is now easily possible to screen tens of thousands of random peptides.
For example, this technique can be used to screen for new enzyme substrates or
detect peptideswith adesired function that are different from known sequences (drug
design).
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Figure 4. A Principle of a substitution analysis of the 3-mer peptide PDF. The first column represents the
parent or wild type (wt) peptide, which is used to compare the effects of the substitution variants. All other
columns describe the substituted amino acids at each position of the peptide. All underlined positions show
theactual substituted amino acid in the sequence. Thewild type sequenceislabeledin bold. B Substitution
analysis of the 7-mer peptide PMTLEY F using all 20 proteinogenic amino acids. The binding of an HRP-
labeled protease was detected using a chemiluminescent substrate. For better visualization theimageisin
aninverted form: dark spots represent strong binding, whereas bright onesweak or no binding. All peptide
sequences are given in the one letter code.

Combinatorial peptide libraries may contain all possible combinations of peptide
sequences for apeptide of a certain length (see Table 5). The combinatorial library is
highly favorable for the systematic and fast screening of millions of peptides, and
therefore an ideal tool for high throughput screening of peptides. This technique,
described by Houghten and co-workers (1991) for solid phase peptide synthesis on
resin (Eichler and Houghten, 1995), was very quickly adapted to SPOT synthesis
(Kramer et al., 1993; Frank, 1995). In order to screen huge numbers of peptidesin a
combinatorial library with a limited number of spots, it is necessary to use amino
acid mixtures (e.g. Kramer et al., 1995). To achieve distinct single peptide sequences
from the combinatorial library, the amino acid mixture at all positions within the
peptide have to be substituted by the best fitting amino acid at these positions. The
complete determination of these amino acids is carried out by iteration using the
combinatorial approach until all mixturesare substituted (“ deconvolution”; see Figure
7). Another possibility to define the peptide sequence is to combine the results of
several positional scanning combinatorial libraries(e.g. Frank et al., 1995 and 2002).
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Figure5.A. Exampleof the principle of alength analysisusing a 7-mer peptide. Each sequence shortening
step resultsin an additional possible peptide sequence. The peptide length is given in amino acids and the
sequence uses the one letter code. B A length analysis of an antibody epitope comprising 15 peptides
synthesized on cellulose where the binding was measured by chemiluminescence. Theresulting light signal
of the bound antibody was measured and converted into a bar graph.

Applications

The general workflow for the application of most screening techniques for SPOT
membranes is as follows. the desired peptides are synthesized on cellulose. This
cellulose membrane iswashed, equilibrated, blocked and incubated together with the
chosen protein. The protein bound to the peptide can be detected by alabel ed antibody,
for example with a horseradish peroxidase (HRP) label and a corresponding
chemiluminescent substrate (Figure 8). Alternatively, the proteinitself can belabel ed.
To exclude false positive signals, selected peptides should be re-synthesized as free
peptidesand their activity determined and compared to the membrane bound peptides.
An overview of different applicationsis given in Table 6.

PEPTIDE-ANTIBODY INTERACTION (EPITOPE MAPPING)

The“classical” application for SPOT synthesisis mapping the epitope of an antibody
of interest. SPOT synthesis was actually developed to address this question (Frank,
1992) and has achieved substantial success. Today, this method can be considered as
astandard method for mapping thelinear epitopes of antibodies, and thelargest portion
of publications concerning SPOT synthesis relate to this application (for alternative
methods see Tribbick, 2002). Epitope mapping can be used for monoclonal as well
as polyclonal antibodies (e.g. Kopecky et al., 2005; Mahler et al., 2000; Reineke et
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Figure 6. A Peptide sequences of a 15-mer random peptide library. B Example of arandom library, where
the chemiluminescence of the bound |abeled protein was detected. For better visualization theimageisin
an inverted form, dark spots representing strong binding, whereas bright spots weak or no binding. Each
field consists of 925 random peptides, in total 3,700 peptides were tested for binding.
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Table 5. Example for the drastic increase in the number of possible peptide
sequences by extention of the peptide length using a combinatorial approach with
all 20 gene-encoded amino acids (B1 and B2 are positions with defined amino
acids; X are position with mixtures of al 20 amino acids)

Length Sequence # Possibilities # Peptides
4-mer XB,B,X 20 16x10°
6-mer XXB,BXX 20° 6.4 x 107
8-mer XXXB,B, XXX 208 25x 10"
12-mer XXXXXB,BXXXXX 20%? 4.1x10%
A B, B B,
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Figure7. Example of thedeconvolution of acombinatorial cyclic peptidelibrary from an unknown hexamer
to adefined peptide sequences. A. First round of the combinatorial library with an unknown hexapeptide
sequence. The C-terminal E was inserted in order to cyclize viathe side chain group of the C-termina E
and the N-terminal amino group. Theamino acidsat position 3 (B,) and 4 (B,) werearrayed asachessboard
to simplify determination of binding sequence motifs (due to the possible strong side reaction of cysteine
with the substrate, this amino acid was excluded). B. After selection of a sequence motif for amino acids 3
and 4 (in this case F and N) the next synthesis of acombinatorial library was designed with amino acids 2
(B,) and 5 (B,) as acheckerboard array, flanking the motif FN. C. After selection of the binding motif (in
this case HFND) the synthesis was repeated by deconvolution of the last unknown seguence part. Each
spot now represents one distinct single sequence and can be easy defined by the checkerboard array design.



50 K. HILPERT et al.

¢ Antibody

% Protein

< Peptide chain

Cellulose
€

membrane

Figure 8. Schematic representation of a binding assay on a cellulose support. The peptide chain is bound
to the cellulose membrane and a protein bindsto the peptide. A labeled antibody recognizing thisproteinis
used to detect the binding event, either by radioactivity, chemiluminescence or asubstrate staining reaction.

al., 1996; Schultz et al., 1999). For adetailed protocol on epitope mapping see Koch
J., et al. (2002). After detecting an epitope by applying the peptide scan technology,
a length analysis and/or a substitution analysis can be performed to gain a deeper
insight into the epitope-antibody interaction. In addition, combinatorial libraries can
be used to study cross-reactivity and/or polyspecificity. In one example, 68,590 peptide
mixtures, prepared by the SPOT technol ogy, were used to identify peptidesthat bound
to amonoclonal antibody (Kramer et al., 1997). In addition to peptides with sequences
related to the epitope (cross-reactivity), unrelated peptide sequences were also found
(polyspecificity). Screening the protein library SWISSPROT for mol ecules containing
these sequences led to the discovery of other proteins recognized by this antibody.
Themolecular basisfor such interactionswas studied by substitution analysisand X-
ray crystallography, providing a foundation for understanding cross-reactivity and
polyspecificity (Kramer etal., 1997; Keitel et al., 1997). A similar approach to studying
cross-reactivity, including thermodynamic analyses, was performed on another
monoclonal antibody (Winkler et al., 1998; Hahn et al., 2001). For a deeper
understanding of the antibody-epitope interaction, point mutations can be made in
the paratope to study their effects on epitope binding (Liu et al., 1999; Winkler et al.,
2000).

In molecular biology some antibody epitopes are used as protein tags (myc-tag,
FLAG-tag) for protein purification, protein localization, immunochemistry and ELISA
(Mahler etal., 2002). Substitution analysis and length anal ysiswas used to characterize
the epitope of amonoclonal antibody that recognizesthe myc-tag. The results showed
that it is possible to adopt and optimize the commonly used myc-tag for specific
needs required for the research project’s objectives (Hilpert et al., 2001). Another
example for tag optimization is describes by Béldicke and coworkers (Bdldicke et
al., 2000).
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In addition to linear, or so-called continuous, antibody epitopes, there are also
discontinuous or structural antibody epitopes. A discontinuous epitope comprises
different parts of a protein, that are not neighboring in the primary sequence, but
come close together due to the protein folding into its proper three-dimensional
structure. A peptide scan of such an epitope may detect the different peptides that
combine to form the structural epitope, if the binding strength of each single small
linear peptide towards the antibody is within the range of detection of this method.
Peptide antibody interactions with a dissociation constant of around 10° - 10* M
remain detectable (Reineke et al., 1996 and 1999¢; Kramer et al., 1999a). To detect
true epitopes and exclude paratopes or other non-epitope interactions, it is necessary
to have avery sensitive detection method on the cellulose membranesin combination
with the use of soluble peptidesin acompetitive ELISA, or other methods using the
native antigen as a competitor. This method was successfully used to detect
discontinuous epitopes (e.g. Reineke et al., 1995; Gao and Esnouf, 1996). For
discontinuous epitopes where no binding or weak binding of the individual linear
peptidesis observed to hamper investigations of the interaction, aso-called “ duotope
scan” was developed (Figure 3b). The discontinuous epitope of an antibody against
hen egg-white lysozyme was determined using a “duotope scan”, since a peptide
scan showed no signals. The detected epitope represented the same region as detected
by X-ray crystallography (Reineke et al, 2002b).

Reineke and co-workers used an antibody that could neutralize the biological action
of I1L-10, and the corresponding discontinuous epitopes, to mimic the biological
function of 1L-10. The optimization processfor mimicking IL-10 involved identifying
linear peptide fragments of the antibody epitope (peptide scan), optimizing the binding
of each peptide separately towards the antibody (substitution analysis), combining
both peptides via a linker, optimizing the resulting peptide, including the linker
seguence (*“duotope” scan and substitution analysis of a 32-mer peptide) and finally
a “cysteine-scan”, where all combinations of two cysteines in the molecule were
tested to discover the most active cyclic peptide (Reineke et al., 1999¢).

If theimmune system mistakes self-tissuesfor non-self and mountsaninappropriate
attack, the result is an autoimmune disease. Many different autoimmune diseases are
known which can effect different parts of the body: for example, the digestive tract
(Crohn’sdisease), blood and blood vessel s (pernicious anemia), eyes (uveitis), glands
(type 1 diabetes mellitus), heart (myocarditis), joints (rheumatoid arthritis), kidneys
(glomerulonephritis), lungs (sarcoidosis), muscles (polymyositis), nerves and brain
(multiple sclerosis) and skin (scleroderma). SPOT technology can support research
inthisarea, sinceit providesarapid and comprehensive approach to mapping epitopes
and understanding cross-activity and polyspecificity. Using an epitope scan, Harkonen
and co-workers (2002) were able to demonstrate that enterovirusinfection in humans
may occasionally induce a humoral response that cross-reacts with tyrosine
phosphatases (I1A-2/1AR), representing amajor target autoantigen in type 1 diabetes.
Using the same method, Esposito et al (1999) could demonstrate that autoantibodies
from patients with multiple sclerosis bound to epitopes of human transaldolase, and
at the sametime showed cross-reactivity to peptidesderived from the capsid of Epstein-
Barr and Herpes Simplex Virustype 1. These data suggest that cross-reactivity caused
by molecular mimicry may play a critical role in autoimmune diseases. Similar
investigations with T cell epitopes were performed, demonstrating that T-cell cross-
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reactivity is a common phenomenon, and therefore the existence of cross-reactive
epitopes alone does not trigger autoimmunity (Grogan et al., 1999; Maier et al.,
2000). T cell recognition is highly degenerate, and structural criteria rather than
sequence homology are important for T cell cross-activity (Kamradt and Volkmer-
Engert, 2004).

In some cases, antibodies can bind and inhibit the human blood clotting factor V111
and cause bleeding disorders. An iterative deconvolution of alinear combinatorial
library of 10-mer peptides was used to screen for peptides that can neutralize these
antibodies. It was shown for thefirst time that short peptides can be used to compete
for polyclonal inhibitory 1gG from various patients (Kopecky et al., 2005). These
peptideswere used to study PEGylation with aview toward using them astherapeutic
substances (Kopecky et al., 2006a)

Peptide scan technology was also used to identify the B-cell epitopes of EEA1
(early endosome antigenl). Analyses of patient serum using these epitopes suggest
that it ispossibleto discriminate non-neuronal and neurological autoimmune di seases.
This information can then be used for new diagnostic tests (Selak et al., 2003).

PEPTIDE-RECEPTOR INTERACTIONS

For any biological systems it is important to react according to environmental
conditions. Recognizing these conditions is often achieved through receptors that
can interact with anarrow or broad range of ligands. Communication and regulation
within multi-cellular organismsisalso often mediated by ligand-receptor interactions.
Therefore, studying suchinteractionsisamajor focusfor understanding many different
biological processes. Thisinformation can also |ead to the development of new drugs
against many different diseases. For receptors that bind peptides or proteins, SPOT
synthesis can be a useful tool to study such interactions.

Vascular endothelial growth factor (VEGF) directly stimulates endothelial cell
proliferation and migration through tyrosine kinase receptors. Inhibition of vascular
growth isthought to be one of the most promising approachesin cancer therapy. The
potential binding site of VEGF with itsreceptor wasidentified using SPOT technology
(peptide scan). A substitution analysis of VEGF-derived peptides was used to study
this interaction (Piossek et al., 1999a). The linear peptide identified was further
investigated by several substitution analyses using D-amino acids (Piossek et al.,
1999h). This provided a good starting point for developing anti-angiogenic peptide
drugs.

Mapping of the interleukin-10/interleukin-10 receptor binding site by SPOT
technol ogy was described by Reinekeet al. (1998b). In addition, two potential receptor
binding sites for human granulocyte macrophage colony stimulating factor (hGM-
CSF) were identified by these methods (Eberhardt et al., 2003)

PEPTIDE-ENZYME INTERACTIONS

Signal transduction, metabolism, cell proliferation/viability, differentiation and
apoptosis are examples of biological processes in which kinases play a critical role.
To understand their rolein these processesit isimportant to understand theinteractions
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with their substrates. Analyses of the human genome revealed more than 500 kinases
and increased the demand for tools to study their substrate specificities (Manning et
al., 2002). Peptide arrays for kinase profiling are an ideal tool for addressing this
demand. The peptides can be synthesized directly on a surface (cellulose, glass,
polymers) or presynthesized and subsequently immobilized onto a surface. Kinase
assays can be performed directly on the cellulose sheet (e.g., Moilanen et al., 1998,
Loog et al., 2000) or alternatively, the peptide can be synthesized, cleaved from the
membrane and spotted onto a glass microarray (e.g., Rychlewski et al., 2004; Panse
et al., 2004; Schutkowski et al., 2004). When the natural kinase substrate is known,
a peptide scan can be performed and the phospho-acceptor residue determined.
Substitution analysis can be used to study kinase specificity or to optimize the substrate
for a selected kinase (e.g. Toomik and Ek, 1997; Loog et al., 2000). In case no
information about the substrate is known, randomized or combinatorial libraries can
be used to map substrate specificity. A very efficient peptide substrate for protein
kinase G (PK G) wasdesigned by an iterative deconvolution of combinatorial libraries
(Teggeet al., 1995b). Combinatorial librarieswere also used to devel op inhibitors of
cyclic GMP-dependent protein kinase o (cGPK). One of these inhibitors was fused
to two different cell membrane translocation sequences and the effect of thisinhibitor
studied in vivo (Dostmann et al., 2002). In addition, peptide libraries with fragments
of human peptide sequences can be used to identify the kinasetarget. For thisapproach
micro-peptide arrays are more suitabl e than cellulose membranes, since microarrays
have alarger number of peptides per cnm?. Peptide phosphorylation can be detected
by an anti-phosphorylated-amino acid antibody, or a phosphorylated-amino acid
chelator or by mixing the catalysed ATP with labeled [y*? or *P] ATP,

Conservative estimates of thetotal numer of distinct proteasesin the human genome
are between 700 and 2000 (Pessi, 2002). In addition, many pathogens produce their
own proteases, which play acritical rolein pathogenesis. Therefore, we can anticipate
aconstant supply of proteases that may become targets for drug discovery aswell as
being investigated to understand their functions. The successful development of HIV
protease inhibitors illustrates the importance of studying these enzymes (Temesgen
et al., 2006). Two types of investigations, assessing protease/substrate and protease/
inhibitor interactions, have been carried out using SPOT technology. Membrane-
bound peptides were used to map the substrate specificity of proteases at the P1 and
P'1 sites (Schechter and Berger, 1967) surrounding the cleavage site, whereby
membrane discs (polyaminoethylmethacrylamide) containing the dipeptide substrate
and a chromophore were dipped into the wells of a microtitre plate containing the
protease and itsrequired reaction buffer. Subsequently, the absorbance of theliberated
chromophore was measured in atime dependent manner (Duan and Laursen, 1994).
This method was adapted to cellulose membranes using a fluorophore near the
membrane-proximal C-terminus, with the protease cleavage site (P1 and P'1) in the
middle of the peptide and a quencher molecule at the N-terminus. Cleaved peptides
are detected at the membrane by the increase in fluorescence when the fluorescence
guenching molecule is removed (Reineke et al., 1999c). Alternatively, the peptides
can be tagged with a sequence, recognized by an antibody and a biotin molecule.
After protease contact the cleaved peptideswill be blotted on astreptavidin membrane
and detected using an antibody (Kramer et al, 1999b). Both assays can be performed
directly on the membrane and therefore many thousands of peptide variants can be
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screened. The great advantageisthat the affects of variations at all other subsitesand
not just P1 and P' 1 can beinvestigated. An assay was also devel oped where the spots
(large size) were punched out and transferred into microtitre plates. These peptides
are tagged with a fluorescent moiety at the N-terminus. Measuring aliquots of a
protease-containing solution in the wells of the microtitre plate permits the detection
of the cleaved peptides via the N-terminal fluorescence tag (Reineke et al., 2000).
Using this method, the Escherichia coli protease DegP (Jones et al., 2002), human
glandular kallikrein 2 (Janssen et al., 2004) and human ADAM protease (Nauset al .,
2006) were investigated with respect to their interaction with their substrates. In
addition, Kaup et al. (2002) were able to determine the proteases responsible for the
cleavage of human transferrin receptor.

Protease-inhibitor interactions are of great interest in drug development. A method
for investigating these interactions was developed using SPOT technology. A series
of peptide inhibitor variants were investigated for both binding to, and inhibition of,
a serine protease (Hilpert et al., 2000 and 2005b; Hohne and Hilpert 2005). Binding
was studied directly on the cellulose membrane using horseradish peroxidase (HRP)
labeled proteases, while inhibition was measured by an assay in microtiter plates
with punched out peptide spots and a chromogenic substrate. Both methods led to
similar results, indicating that the binding assay, which isfaster and easier to perform
and also provides the opportunity to use thousands of peptide spots, is satisfactory
for studying these interactions. Combining substitution analysis and length analysis,
the designed new peptides inhibited the protease more strongly than the original
peptide, with a high specificity towards the target protease. Substitution analyses
using D-amino acidsled to inhibitory peptidesthat were protected against exopeptidase
attack. Hybrid peptide inhibitors were then investigated with respect to their
thermodynamic parameters, as well as by X-ray crystallography in complex with a
protease (Hilpert et al., 2002 and 2003; Ay et al. 2003). Selecting a small scaffold
(14-mer) it was al so possibleto study both the binding to the protease and the influence
of the scaffold on binding in one single experiment (Hilpert et al., 2005). The
interaction of o.,-macroglobulin (abroad spectrum protease inhibitor) with Protein G
related o.,-macroglobulin-binding protein (GRAB), a virulence factor of group A
streptococci, was studied using length and substitution analysis. The interaction site
was mapped, and mutation of the key amino acid involved intheinteraction confirmed
the results (Godehardt et al., 2004).

PROTEIN-PROTEIN INTERACTIONS

Sincethe DNA sequencesfor many organismsare now available, aresulting challenge
isto understand gene regul ation and the function of encoded proteins. |dentifying the
function of aprotein and understanding the mechanism of action requiresconsiderable
effort. In addition, aprotein’s function isin most cases interlinked with a network of
other proteins, which creates an even more complex situation in understanding the
dynamicsof biological systems. SPOT technol ogy can be used to map theinteraction
sites of proteins, thus providing additional information to understand the network of
protein-protein interactions for a single process, within a cell or within a whole
organism.
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Chaperone/heat shock proteins are important for a broad range of biological
activities, e.g. protein-folding and responsesto stress. SPOT synthesiswas successfully
used to discover the interactions of these proteins with themselves and with their
substrates. Amongst those investigated were DnaK, SecB, Hsp18.1and 17.7, GroEL,
o-crystallin, DnaJ and HscA (Rudiger et al., 1997, 2000 and 2001; Knoblauch et al .,
1999; Wagner et al., 2005; Tapley et al., 2006; Sreelakshmi et al., 2004).

Peptide scan technology was also used to characterize the formation of the
chloroplast signal recognition particle (cpSRP) complex and to map the substrate
binding region of this complex (Groves et al., 2001). The same method was used to
study the mitochondrial import of proteins (Brix et al., 1999; Ptushkina et al., 1998)
and the interplay of microtubules with STOP proteins and Ca2*-calmodulin (Bosc et
al., 2001). Mapping of the dimerization sites of the capsid protein of HIV-1 (p24)
was performed using SPOT technol ogy to investigate this protein-protein interaction.
Site directed mutagenesis and ultra-centrifugation were used to confirm these data
(Hilpert et al., 1999).

Proteins often interact via distinct domains, for example SH3-, WW- and PDZ-
domains, and this can be studied using SPOT technology. Besides peptide scan and
substitution analysesto study known interaction partners, random librariesor iterative
deconvolution of combinatorial peptide libraries can be used to find new binding
peptides. The Src homology 3 (SH3) domain is a small protein domain of about 60
amino acids, often found associated with functions concerning the cytoskeleton, Ras
protein and Src kinase. Using SPOT technology and phage display technology, the
investigated SH3 domains of endophilin and amphiphysin showed different preferred
binding sites, indicating that the binding repertoire of SH3 domains are more complex
than originally predicted (Cestraet al. 1999). In contrast, peptide scan and substitution
analysiswere also used to investigate the binding specificities of the SH2 domains of
Nck1 and Nck2, that had been predicted to be different, but indicated that they were
essentially indistinguishable (Frese et al., 2006). In an excellent approach called WISE
(whole interactome scanning experiment), all of the peptides in the yeast proteome
with the potential to bind to eight SH3 domains were discovered (Landgraf et al.,
2004; Santonico et al., 2005). In combination with NM R spectroscopy, an intensive
study of aWW domain comprising of 44 amino acid was reported by Toepert and co-
workers. All together, 12,696 peptide variants of the WW domain were synthesized
on cellulose and investigated for peptide binding (Toepert et al., 2001 and 2003).

PEPTIDE-MICROBE INTERACTIONS

Therapidincreasein antibiotic resistance hasresulted in the diminished effectiveness
of antibiotics, especially against hospital infections. For example, therate of resistance
to methicillin of coagul ase-negative Saphylococci (CNS) reached 89.1%, while that
of Saphylococcus aureus (known as MRSA) increased to 59%. Recent candidates
for novel antimicrobialsare host defense peptides, but the mode of action and sequence
requirementsare still poorly understood. Substitution analyses (Hilpert et al., 20053),
scrambled peptides (Hilpert et al., 2006) and random peptide libraries (unpublished
results) have been used to discover novel antimicrobial peptides with superior broad
spectrum activity, and to investigate the sequence requirements for antimicrobial
activity in general. For this investigation peptides were cleaved from spots, and the
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soluble peptides used in a microtitre plate assay. This assay was developed for
screening peptides with killing activities against the Gram-negative bacteria
Pseudomonas aeruginosa, but could be easily adapted to any other microbe.

PEPTIDE-METAL ION INTERACTIONS

Since many proteins are in complexes with metal ions, it is an interesting task to
study theinteraction of peptideswith metal ions. In addition, some peptide-metal ion
interactions are used in purification and protein detection, for example his-tag
technology. In some cases the fusion of six histidines to a protein may influence
folding, solubility, function and crystallization. Therefore, alternative binding
sequences would be of general interest. For in vivo diagnostics, the metastable
technetium isotope ®"Tc is widely used, due to its physical properties, low cost and
availability. Cellulose bound combinatorial libraries were successfully used to find
specific binding sequences for ®"Tc, as well as nickel, silver, iron, calcium,
molybdenum, uranium, lead, gold, zinc and manganese (Kramer et al., 1994; Malin
et al., 1995aand 1995b; Schneider-Mergner et al., 1996). Similarly the metal binding
site in phytochelatin synthase was discovered using the peptide scan method with
cellulose-bound peptides (Maier et al., 2003).

PEPTIDE-DNA INTERACTIONS

Many proteins can bind and interact with DNA or RNA, including polymerases,
gyrases, helicases, ribosomes, transcriptional factors and restriction endonucleases.
Thereisagreat potentia to study peptide-DNA or peptide-RNA interactions using
the SPOT technology to increase our understanding of these proteins' functions.
Combinatorial peptide libraries on cellulose membranes were successfully used to
study peptide-DNA interactions (Kramer et al., 1993). Similarly the region of the
endonuclease EcoRl| involved in DNA recognition was identified using the peptide
scan method, with the peptides synthesized on cellulose (Reuter et al., 1999; Reuter
and Méncke-Buchner, 2002).

Conclusions

SPOT synthesis technology represents a well-established screening tool for
biologically active peptides. From simple binding assaysto more sophisticated enzyme
assays and studies with living microbes or cells, a multitude of investigations are
possible. We anticipate that SPOT synthesiswill be adapted and used in new fieldsin
the next few years. Peptide variants can be studied with relatively low cost and time
investment. Thetechnology has an advantage over biological screening technologies
sinceall chemically availablebuilding blocks can be used in peptide synthesis. Besides
being ascreening tool, SPOT synthesisalso providesarray strategiesfor investigating
interactions at a higher level and can therefore result in new discoveries as well as
novel understanding of interactions. The technology (manual or automated) can be
easily integrated into alaboratory, since the equipment iscommercially available and
does not require special conditions. The small amount of peptide per spot does not
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easily alow purification or quantification, a potential drawback of this method. All
results gained must be confirmed by selected peptides synthesized on resin.
Nevertheless, the method is an excellent tool for gaining information and supporting
traditional methods.
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