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CHARACTERIZATION OF BIOCHIPS
CONTAINING SELF-ASSEMBLED
MONOLAYERS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 11/029,224, filed Jan. 4, 2005, which application
is a continuation under 35 U.S.C. §111(a) of PCT Interna-
tional Application No. PCT/US03/21224 which has an Inter-
national filing date of Jul. 7, 2003, which designated the
United States of America and is incorporated herein by ref-
erence in its entirety, and which in turn claims priority to U.S.
Provisional Application Ser. No. 60/393,896, filed Jul. 5,
2002, the contents of which is also incorporated herein by
reference in its entirety.

REFERENCE TO SEQUENCE LISTING
SUBMITTED VIA EFS-WEB

[0002] This application is being filed electronically via
EFS-Web and includes an electronically submitted sequence
listing in .txt format. The .txt file contains a sequence listing
entitled “7814-68_SEQ_LISTING_updated_Jan 17
2014_ST25” created Jan. 17,2014, and is 1,423 bytes in size.
The sequence listing contained in this .txt file is part of the
specification and is hereby incorporated by reference in its
entirety.

[0003] This work was supported in part by DARPA
(N00173-01-1-G010). The government may have certain
rights in this application.

BACKGROUND OF THE INVENTION

[0004] Mass spectrometry (MS) is an important technique
for characterizing the structures of surfaces and has several
characteristics that are valuable in bioanalytical applications.
In biochip and microarray applications, for example, MS
offers the significant advantage that it does not require ana-
lytes to be labeled—either by direct attachment of fluorescent
and radioactive labels or by binding of antibodies—and there-
fore offers greater flexibility in experiments.'**! Yet, MS
remains a secondary option to the use of fluorescence and
radioactivity for characterizing biochips, in part because
many early studies have used home-built instrumentation and
sophisticated protocols for data analysis.”**! Matrix-assisted
laser desorption/ionization and time of flight mass spectrom-
etry (MALDI-TOF MS), when combined with self-as-
sembled monolayers (SAMs) that are tailored for biological
applications, is well suited for characterizing biological
activities as illustrated by the following examples that char-
acterize the immobilization of ligands, the selective binding
of proteins, and the enzymatic modification of immobilized
molecules.

[0005] MALDI-TOF has been used for many years to iden-
tify peptides, proteins, carbohydrates and nucleic acids. In
practice, aqueous samples are mixed with low molecular
weight matrix molecules and dried on a metallic substrate
prior to the MS analysis. Although MALDI MS is superior to
other MS methods for analyzing biological complex, the
presence of many components still leads to complicated spec-
tra, which requires sophisticated analysis to identify specific
analytes. Biochip applications, which rely on specific inter-
actions of soluble and immobilized biomolecules, can avoid
this limitation since only active components are retained on
the substrate prior to MS analysis. [10-16]
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BRIEF SUMMARY OF THE INVENTION

[0006] The present invention provides SAMs that are engi-
neered to give specific interactions with biomolecules, and
therefore adds substantial flexibility to the use of MALDI in
biochip applications. The SAMs of the present invention are
inert to the non-specific adsorption of biomolecules.

[0007] The SAMs of the present invention can have an
overlaying layer with a plurality of openings, allowing mul-
tiple assays to be conducted thereon.

[0008] The SAMs of the present invention can be used in a
variety of assays, including assays for biomolecular binding
and enzymatic activity. The assay for enzymatic activity can
be run with the enzyme ligand bound to the SAM. Alterna-
tively, the enzyme ligand can be in the solution phase and
after the assay is performed can be immobilized onto the
SAM.

[0009] The present invention also provides kits for use in
the assays described herein.

[0010] These and other inventions related to the SAMs of
the present invention are described in detail below.

BRIEF DESCRIPTION OF THE FIGURES

[0011] FIG. 1is a MALDI spectra of a monolayer present-
ing tri (ethylene glycol) groups (A) and a mixed monolayer
presenting tri (ethylene glycol) groups and the peptide KPH-
SRN-NH, (B) (SEQ ID NO: 1). The structure of each mono-
layer is shown above the spectrum. The principle peaks cor-
respond to the symmetric glycol-terminated disulfide (m/z
693.8), the mixed peptide-terminated disulfide (m/z 1603.1)
and the peptide-terminated alkanethiolate (m/z 1270.2).
[0012] FIG. 2(A) is a MALDI spectrum of a mixed mono-
layer presenting penta(ethylene glycol) groups and maleim-
ide groups shows a peak for the mixed disulfide (m/z 1094.6).
FIG. 2(B) is the MALDI spectrum of the monolayer after
treatment with the cysteine-terminated peptide Ac-IYAAP-
KKKC-NH, (SEQ ID NO:2) shows mass peaks correspond-
ing to immobilization of the peptide. The structure of each
monolayer is shown above the spectrum.

[0013] FIG. 3(A) is a monolayer presenting the carbohy-
drate a-mannose was treated with an aqueous solution con-
taining the lectin from Vicia Sativa (0.5 mg/ml in phosphate
buffer, pH=6.8), rinsed, and then analyzed by MALDI. FIG.
3(B)is a spectra where the peaks atm/z21.8 KD and 10.9 KD
correspond to the double and tetra-ionized lectin and demon-
strate that monolayers can be used to identify selective bio-
molecular binding interactions.

[0014] FIG. 4(A)is abiochip analyzed by MALDI to reveal
a peak at m/z 1210.9 for the mixed disulfide (B). After the
monolayer was treated with the enzyme GalTase to introduce
a terminal galactose residue, a MALDI spectrum revealed a
new peak at m/z 1373.2 corresponding to the disaccharide
product (C). Treatment of this monolayer with the enzyme
galactosidase removed the terminal galactose, with regenera-
tion of the GIcNAc group (D). MALDI was used to determine
the time-dependence of the enzymatic galactosylation (E),
demonstrating that this technique can provide kinetic infor-
mation on biological activities.

[0015] FIG. 5(A) is a biochip presenting a peptide ligand
(SEQ ID NO:4) that is enzymatically modified by the anthrax
lethal factor protease. FIG. 5(B) is a MALDI-TOF spectrum
of this monolayer. FIG. 5(C) is a MALDI-TOF spectrum of
this monolayer after treatment with lethal factor protease.
FIG. 5(D) illustrates the procedure for applying multiple
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reaction mixtures to a single substrate and rinsing the reaction
mixtures from the substrate. FIG. 5(E) shows representative
mass spectra for spots representing distinct reaction mixtures.
One of the eight spots shows a lack of peptide cleavage,
denoting the presence of an inhibitor of LF in the reaction
mixture.

[0016] FIG. 6(A) A monolayer presenting maleimide
groups is used to immobilize a peptide (SEQ ID NO:3) which
is enzymatically modified by the methyl transferase PRMT1
to yield a SAM presenting peptide (FIG. 6B). FIG. 6(C) A
MALDI-TOF spectrum of this SAM. FIG. 6(D) The peptide,
dissolved in solution, is treated with the PRMT1 enzyme to
yield a dimethylated peptide. FIG. 6(E) The dimethylated
peptide is immobilized to a SAM presenting male imide
groups. FIG. 6(F) A MALDI-TOF spectrum of this SAM
shows the presence of the enzymatically modified peptide.
[0017] FIG.7 A time course for the enzymatic modification
of a peptide by PRMT, as described in FIG. 6. Each mass
spectrum corresponds to a single time of reaction of the
peptide and enzyme, and reveals the kinetic profile for the
enzymatic reaction.

[0018] FIG. 8 A quantified plot of the data shown in FIG. 7.
The unmodified peptide ligand is consumed during the reac-
tion. The monomethylated peptide is present at a low fraction
during the reaction. The dimethylated peptide product accu-
mulates during the enzymatic reaction.

SUMMARY OF THE INVENTION
Biochips

[0019] The biochips of the present invention comprise self-
assembled monolayers of alkanethiolates on a suitable metal
surface (SAMs). The synthesis of SAMs is well known in the
art (See, for example, U.S. published applications
20020119305 and 20020119054).

[0020] The metal surface is preferably silver, copper or
gold or alloys thereof. Preferably the metal surface is gold.
[0021] The surface may be on a substrate. The substrate
may have the same composition as the surface (for example a
gold surface on a gold plate), or the surface may be, for
example, a film, foil, sheet, or plate, on a substrate having a
different composition. The substrate may be any material,
such as metal, metal oxide, glass, ceramic, plastic, or a natural
material such as wood. Examples of substrates include glass,
quartz, silicon, transparent plastic, aluminum, carbon, poly-
ethylene, polypropylene, sepharose, agarose, dextran, poly-
sytrene, polyacrylamide, a gel, and porous materials.

[0022] The surface material may be attached to the sub-
strate by any of a variety of methods. For example, a film of
the surface material may be applied to the substrate by sput-
tering or evaporation. If the surface material is a foil or sheet,
it could be attached with an adhesive. Furthermore, the sur-
face need not completely cover the substrate, but may cover
only a portion of the substrate, or may form a pattern on the
substrate. For example, sputtering the substrate, covering
those portions of the substrate where no surface material is
desired, may be used to pattern portions of the substrate.
These patterns may include an array of regions containing, or
missing, the surface material.

[0023] The methylene chain in the alkanethiolate can vary
and is typically from 5 to 30 units, preferably 10-16.
Alkanethiolates can be synthesized via reagents and reactions
well known in the art, such as those described in “Advanced
Organic Chemistry” J. March (Wiley & Sons, 1994); and
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“Organic Chemistry” 4” ed., Morrison and Boyd (Allyn and
Bacon, Inc., 1983). The SAMs of the invention can be formed
from alkanethiols or dialkyldisulfides. In both cases, the sul-
fur atom coordinates to the metal. The polymethylene chainis
in an extended conformation. The SAMS can be prepared by
immersing the metal in solutions containing the alkanethiol
or dialkyldisulfides. The density of alkanethiolates on the
metal surface is about 10'° molecules/cm?,

[0024] SAMs which are inert to the non-specific adsorption
of biomolecules can be formed from a variety of functional-
ized alkanethiols, including those that are terminated in the
oligo(ethylene glycol) group, the mannitol group, the oligo
(propylene sulfoxide) group and others. Syntheses of func-
tionalized alkanethiols are described, for example, in U.S.
published applications 20020119305 and 20020119054).
“Non-specific adsorption” refers to the adsorption of a pro-
tein onto a surface by an interaction other than a ligand/
receptor interaction. The inertness of the SAMs maximizes
the activity of the immobilized ligand and reduces false sig-
nals due to non-specific interactions.!!7->?!

[0025] When the alkanethiol is terminated with oligo(eth-
ylene glycol) groups, the oligo(ethylene glycol) oligomer
preferably contains 3 to 7 units. When the alkanethiol is
terminated with oligo(propylene sulfoxide) group, the oligo
(propylene sulfoxide) oligomer preferably contains 3 units.
[0026] In applications in which the ligand is immobilized
onto the SAM, the ligand can be immobilized using a variety
of coupling strategies, including cycloaddition reactions,
condensation reactions (such as those between amines and
carboxylic acids, amines and aldehydes, etc.), reactions
between thiols and maleimide, reactions between thiols and
a-haloketones, reactions between thiols and activated sul-
fides (to yield a disulfide linked ligand), etc. Alternatively,
ligands can be immobilized onto the SAM via a reaction of a
protein with a ligand (e.g. GST binding glutathione) or with
an irreversible ligand, such as disclosed in U.S. published
patent application 20030119054. In addition, immobilization
of'the ligand onto the surface of an inert SAM can be achieved
by contacting the surface of the inert SAM with the ligand and
a second enzyme that catalyzes formation of a covalent bond
between the ligand and the surface.

[0027] Suitable ligands which can be immobilized onto the
surface of the SAMs of'the present invention include biomol-
ecules (such as peptides, proteins, carbohydrates, oligosac-
charides, oligonucleotides, antibodies, Fab fragments, etc.)
or non-natural compounds (such as small molecules, chelat-
ing molecules, drugs, peptidomimetics, nucleic acid analogs,
antibody mimics, imprinted polymers, etc.).

[0028] The SAMs of the present invention present ligands
at low densities (<20%). From between about 0.001% to
20%, preferably from between about 0.5 to 5%, of the
alkanethiols on the SAM present the ligand. The remaining
alkanethiols are terminated as described above in order to
render the metal surface inert to non-specific adsorption.

MALDI-TOF MS

[0029] Matrix-assisted laser desorption/ionization and
time of flight mass spectrometry (MALDI-TOF MS) can be
used to characterize SAMs. One example is provided below.
[0030] Ingeneral, a SAM is provided. Optionally, a matrix
can be applied to the SAM, and preferably is. Suitable matri-
ces which can be used in this invention are known in the art,
and include, for example, substituted benzoic acids. One pre-
ferred matrix is 2,5-dihydroxyl benzoic acid. The matrix can
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be applied by delivering a solution containing the matrix to
the metal surface. The concentration of the matrix can vary;
typically it is between 1 and 50 mg/mL.. The solvent can vary;
typically it is acetonitrile or an alcohol (such as ethanol,
methanol, isopropanol, etc.).

[0031] FIG. 1 shows a spectrum of a monolayer prepared
from tri(ethylene glycol)-terminated alkanethiol and shows a
single intense peak at m/z 693.8. This mass corresponds to the
sodium adduct of the symmetric disulfide (FIG. 1A),** and
agrees with previous reports that predominantly observe
molecular ions of disulfides from alkanethiolate SAMs.”1 A
MS spectrum of a monolayer presenting a mixture of tri
(ethylene glycol) groups and the hexapeptide KPHSRN-NH,
(SEQ ID NO:1) (in a ratio of 19: 1) reveals an intense peak
that corresponds to the symmetric disulfide terminated with
glycol groups (mv/z 693.9) and a second peak for the mixed
disulfide presenting one glycol group and one peptide (m/z
1603.1) (FIG. 1B).** The small peak at m/z 1270.2 is due to
the peptide-terminated alkanethiol.

[0032] MALDI MS can also be applied to characterizing
the immobilization of biomolecules to SAMs. FIG. 2A shows
a MS spectrum for a SAM presenting maleimide and penta
(ethylene glycol) groups (in a ratio of 1:4). The spectrum
shows the expected peaks for the symmetric glycol-substi-
tuted disulfide (m/z 869.7) and for the mixed disulfide con-
taining one maleimide group (m/z 1094.6). The monolayer
was treated with an aqueous solution containing the cysteine-
terminated peptide Ac-IYAAPKKKC-NH, (SEQ ID NO:2)
(2 mM) for 2 hours, rinsed and then analyzed by MS. The
absence of the peak at m/z 1094.6 shows that the maleimide
group had reacted under these conditions and the two new
peaks at m/z 1732.7 and 2155.7 represent the products result-
ing from Michael addition of the cysteine-terminated peptide
with the maleimide group (FIG. 2B). These peaks represent,
respectively, the peptide-terminated alkanethiol and the
mixed disulfide.

[0033] The following examples demonstrate that the com-
bination of MALDI-TOF and glycol-terminated SAMs is
well suited for the types of assays that are implemented with
biochips. In the first example, a monolayer presenting the
carbohydrate u-mannose and tri(ethylene glycol) groups (in a
ratio of 1: 4) was treated with a solution of the lectin from
Vicia Sativa (molecular weight ~43 KD, 0.5 mg/ml in phos-
phate buffer, pH=6.8) for 30 minutes and then rinsed with
distilled water (FIG. 3A). A solution of sinapinic acid (a
common matrix in MALDI) in acetonitrile-0.1% trifluoro-
acetic acid-H,0) (10 mg/ml) was applied to the monolayer
and allowed to evaporate prior to MALDI analysis. The spec-
trum in FIG. 3B reveals peaks corresponding to the multiply
ionized lectin, demonstrating that MALDI can directly
observe proteins that have bound to ligands immobilized to
monolayers. Identical experiments with monolayers present-
ing either f-N-acetylglucosamine (f-GlcNAc), which is not a
substrate for this lectin, or monolayers presenting only glycol
groups gave no peaks in this mass range, demonstrating that
the protein association with the monolayer was biospecific.
[0034] In the second example, MALDI was used to char-
acterize the enzymatic modification of an immobilized ligand
(FIG. 4A). A monolayer presenting the carbohydrate
p-GleNAc and tri(ethylene glycol) groups (in a ratio of 1:4)
was prepared. MALDI showed a single intense peak at m/z
1210.9, corresponding to the mixed disulfide containing a
single GlcNAc group (FIG. 4B). This monolayer was then
treated with a HEPES buffer (50 mM, pH=7.5) containing
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[-1,4-galactosyltransferase (GalTase, 250 mu/ml), MnCl,
(10 mM) and uridine diphosphogalactose (UDP-Gal, 20 uM)
for 1 hour at 20° C. and then rinsed. Analysis by MALDI
showed a single intense peak at m/z 1373.2, corresponding to
the disaccharide product N-acetyllactosamine (LacNAc) that
results from enzymatic galactosylation of GlcNAc (FIG. 4C).
The absence of a peak at m/z 1210.9 demonstrates that the
enzymatic reaction had gone to completion. This substrate
was treated with a solution containing the enzyme galactosi-
dase (25 U/ml), MgCl, (1 mM), KC1 (10 mM) and p-mercap-
toethanol (50 mM) in phosphate buffer (pH=7.0) for 8 hours
at 37° C. MALDI revealed that the LacNAc was enzymati-
cally converted to GlcNAc in quantitative yield (FIG. 4D).
Control experiments show that treatment of mono layers pre-
senting a-mannose with either GalTase or galactosidase had
no effect, again demonstrating the specificity intrinsic to this
class of SAMs.

[0035] Inafinal example, the combination of MALDI-TOF
MS and SAMs was used to demonstrate that kinetic data can
be provided for biological interactions on chips. The time-
dependence of the interfacial galactosylation was investi-
gated by treating identical SAMs presenting 3-GlcNAc with
GalTase as described above for periods of time ranging from
0to 20 minutes. The monolayers were each rinsed, dried, and
analyzed by MALDI. We calculated the yield for enzymatic
conversion on each chip by taking a ratio of the peak height
for LacNAc relative to the combined peak heights for Lac-
NAc and GleNAc (yield=H,[H, +H]).*%! FIG. 4E demon-
strates that the yield increased smoothly with time and
reached a plateau at complete conversion. This result indi-
cates that MALDI has the characteristics required for kinetic
analysis of interfacial reactions.

[0036] The most significant result of this work is that a
commercial instrument for MALDI-TOF MS, when com-
bined with self-assembled monolayers engineered for bio-
analytical applications, is a very effective technique for char-
acterizing biological activities at interfaces. This finding can
be exploited for a range of purposes, but in particular for
examining biochips. The recent development of strategies
that use self-assembled monolayers for the preparation of
peptide, protein and carbohydrate arrays makes this tech-
nique immediately applicable.**7*®] The use of MALDI in
these applications is significant because this method caniden-
tify unexpected biological activities while current methods
for characterizing biochips require preliminary knowledge of
the activity to be identified. Fluorescence detection of anti-
bodies that bind to arrays, for example, will only identify
activities that affect the presence of antigen. MS, by contrast,
will identify any change in mass at the interface-whether due
to binding of a protein or modification by an enzyme-and
hence can discover unanticipated activities. These properties,
together with the widespread availability of the commercial
instruments, can be used to make MALDI an extensive and
dominant technique for application in bioanalytical and sur-
face chemistry.

Assays

[0037] The biochips of the present invention can be used to
assay for a variety of biomolecules using MALDI-TOF MS.
[0038] The biochips of the present invention can also be
used in high throughput screens (HTS). In HTS for protein
binding, a plurality of biochips presenting different ligands
can be used. Alternatively, a biochip presenting different
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ligands can be used. Preferably, a biochip presenting different
ligands in isolated regions on the biochip is used.

[0039] In HTS for enzymatic activity, it is preferable to use
a biochip presenting a ligand in isolated regions on the bio-
chip. In this embodiment, the enzyme and candidate inhibitor
are contacted with discrete regions of the biochip.

[0040] Biochips with physically separated regions are
described below.

[0041] Matrices which can be used in the assay of the
present invention are the same matrices described above for
MALDI-TOF MS.

Biomolecular Binding Assays

[0042] The method of the present invention involves pro-
viding a SAM that is capable of covalently binding a biomol-
ecule, contacting the SAM with a sample which may contain
the biomolecule, rinsing the SAM, optionally applying a
matrix, and analyzing the matrix with MALDI-TOF MS.
[0043] In general, the SAM of the present invention pre-
sents a ligand that specifically binds the biomolecule (such as
those described above, preferably proteins). “Specific bind-
ing” refers to the association of a ligand with a biomolecule to
form an intermolecular complex. In one embodiment, the
monolayer can present a carbohydrate that binds to a protein
(such as a lectin) as exemplified below. Other interactions
include antigen/antibody, antigen/Fab fragment, peptide/pro-
tein, non-natural molecule protein, oligonucleotide/oligo-
nucleotide, protein/oligonucleotide, phosphopeptide/protein,
phosphopeptide/antibody.

[0044] Suitable samples which can be assayed using the
present invention can vary. Exemplary samples include solu-
tions which may contain a biomolecule, such as cell lysates,
blood samples, tissue samples, chromatography fractions,
reaction mixtures, etc. The volume of the sample applied to
the biochip will vary depending on the binding affinity and
association rate constant of the biomolecule for the ligand
presented by the SAM. Typically, ligand/biomolecule pairs
having equilibrium association constants of about 10* M~ or
greater can be detected.

Enzyme Activity Assays

[0045] The method of the present invention involves pro-
viding a SAM that presents a ligand capable of undergoing an
enzymatic modification, contacting the SAM with a sample
containing an enzyme, rinsing the SAM, optionally applying
a matrix, and analyzing the matrix with MALDI-TOF MS.
[0046] In general, the SAM of the present invention pre-
sents a ligand capable of undergoing an enzymatic modifica-
tion, such as a protein, peptide, carbohydrate, metabolite,
non-natural molecule, lipid, etc. Examples of enzymatic
modifications include an modification that results in a change
in the mass of'the ligand immobilized to the SAM. Exemplary
modifications include acyl transfer, proteolysis, phosphory-
lation, glycosylation, oxidations, reductions, dehydrogena-
tions, hydroxylations, eliminations, decarboxylations, car-
boxylations, aldol condensations, Claisen condensations,
methylations, demethylations, etc.

[0047] The enzyme is contacted with the SAM presenting
the ligand for a time sufficient to allow the enzyme to modify
the ligand. Times may vary. Indeed, an analysis of the time
dependent yields of the modified ligand can provide kinetic
information on enzyme activity. Other reaction conditions
can also vary, including temperature, solvent, buffer, etc.
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[0048] The assays of the present invention can also be used
to study inhibitors of the enzyme. In this embodiment, the
SAM presenting the ligand would be contacted with the
enzyme and the putative inhibitor.

Solution Phase Enzymatic Assays

[0049] Inapplications where it is desirable to first react the
ligand and enzyme in solution (versus an immobilized
ligand), it is possible to use the SAMs of the present inven-
tion. In a first embodiment (exemplified below), the enzyme
and ligand are first contacted in solution and then applied to a
SAM presenting a group that can selectively immobilize the
ligand (in modified or unmodified form or mixtures). For
example, a SAM presenting a maleimide is contacted with a
solution containing a cysteine terminated peptide (where the
peptide had previously been enzymatically modified in solu-
tion), the SAM rinsed to remove non-immobilized reactants,
and analyzed by MALDI-TOF.

[0050] Inasecond embodiment, the SAM is functionalized
with a group which can be activated/deactivated. In this
embodiment, the enzyme and ligand are first contacted in
solution and then applied to a SAM presenting a group that
can be activated. Upon activation, the SAM immobilizes the
ligand (in modified or unmodified form or mixtures). The
SAM can be activated electrically, photolytically, chemically,
enzymatically, thermally, etc. For example, a SAM present-
ing a hydroquinone group can be used to immobilize peptides
modified with a diene. Upon activation with an electrical
potential, the hydroquinone converts to benzoquinone which
then selectively reacts with the diene in the peptide to immo-
bilize the peptide (See, for example, M. N. Yousaf, B. T.
Houseman and M. Mrksich Angew. Chem. Int. Ed., 2001, 40,
1093-1096).

Biochips with Discrete Regions

[0051] Thebiochips of the present invention can optionally
include an overlaying layer with one or more holes. This
layer, when present, allows discrete regions of the biochip to
be modified. For example, in HTS for enzyme inhibitors, a
SAM presenting a single ligand and an overlaying layer with
96 holes, so that it resembles a microtiter plate. Each “well”
(formed by a hole in the overlaying layer) could be contacted
with a solution of enzyme and a different putative inhibitor.
Following modification, the overlaying layer could be
removed so that the SAM could be assayed using the
MALDI-TOF techniques described above.

[0052] The overlaying layer can be composed of a variety
of materials, including plastics, elastomers, composites, etc.
The overlaying layer can be attached to the SAM through
direct physical contact or via an adhesive layer.

EXAMPLES

[0053] The following examples describe the uses for
ligand-modified self-assembled mono layers.

Example 1

Protein Binding of Con A to Mannose

[0054] The following example demonstrates that the com-
bination of MALDI-TOF and SAMs presenting ligands and
that are otherwise inert is well suited for assays that use
biochips to identify proteins in a sample. The strategy uses a
SAM presenting a ligand that selectively binds to a protein in
order to selectively bind the protein from a sample. Following
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rinsing of the chip to remove the solution and species that are
not bound by the SAM, the SAM is analyzed by MALDI-
TOF to identify the bound protein. This strategy can be
applied to a broad range of analytes for which a selective
ligand is available. In one example, a SAM presenting the
carbohydrate a-mannose and tri(ethylene glycol) groups (in a
ratio of 1:4) was treated with a solution of the lectin from
Vicia Sativa (molecular weight ~43 KD, 0.5 mg/ml in phos-
phate buffer, pH=6.8) for 30 minutes and then rinsed with
distilled water (FIG. 3A). A solution of sinapinic acid (a
common matrix in MALDI) in acetonitrile-0.1% trifluoro-
acetic acid-H,0) (10 mg/ml) was applied to the SAM and
allowed to evaporate prior to MALDI analysis. The spectrum
in FIG. 3B reveals peaks corresponding to the multiply ion-
ized lectin, demonstrating that MALDI can directly observe
proteins that have bound to ligands immobilized to SAMs.
Identical experiments with SAMs presenting either p-N-
acetylglucosamine (-GlcNAc), which is not a ligand for this
lectin, or SAMs presenting only glycol groups gave no peaks
in this mass range, demonstrating that the protein association
with the SAM was biospecific.

Example 2

Carbohydrate Modifying Enzyme

[0055] Inanother example, MALDI-TOF was used to char-
acterize the enzymatic modification of an immobilized ligand
(FIG. 4A). A SAM presenting the carbohydrate $-GlcNAc
and tri(ethylene glycol) groups (in a ratio of 1:4) was pre-
pared. Analysis of this SAM by MALDI-TOF showed a
single intense peak at m/z 1210.9, corresponding to the mixed
disulfide containing a single GlcNAc group (FIG. 4B). This
SAM was then treated with a HEPES buffer (50 mM, pH=7.5)
containing  p-1,4-galactosyltransferase  (GalTase, 250
mU/ml), MnCl,, (10 mM) and uridine diphosphogalactose
(UDP-Gal, 20 uM) for 1 hour at 20° C. and then rinsed.
Analysis by MALDI-TOF showed a single intense peak at
m/z 1373.2, corresponding to the disaccharide product
N-acetyllactosamine (LacNAc) that results from enzymatic
galactosylation of GIcNAc (FIG. 4C). The absence of a peak
at m/z 1210.9 demonstrates that the enzymatic reaction had
gone to completion. This SAM was then treated with a solu-
tion containing the enzyme. galactosidase (25 U/ml), MgCl,
(1 mM), KC1 (10 mM) and B-mercaptoethanol (50 mM) in
phosphate buffer (pH=7.0) for 8 hours at 37° C. MALDI
revealed that the LacNAc was enzymatically converted to
GleNAc in quantitative yield (FI1G. 4D). A time course of this
reaction shows that MALDI-TOF provides kinetic informa-
tion (FIG. 4E). Control experiments show that treatment of
SAMs presenting a-mannose with either GalTase or galac-
tosidase had no effect, again demonstrating the specificity
intrinsic to this class of SAMs.

Example 3

Chemical Screening

[0056] The ability to conduct enzymatic activity assays
without the need to use chromatography or other purification
strategies to prepare the sample for analysis by MALDI-TOF
makes this technique well-suited for chemical screening pro-
grams. Here, chemical screening refers to the evaluation of
many compounds (from 100 to 10,000,000) in a biological
assay to identify compounds that act as agonists or antago-
nists for specific proteins or enzymes. One example applied
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this strategy to identify antagonists of the anthrax lethal factor
(LF) protease. The assay for LF uses a SAM that presents a
peptide against a background of tri(ethylene glycol) groups
(FIG. 5A) The SAMs were prepared by immersing gold
coated glass cover slips in an ethanolic solution containing a
maleimide-terminated disulfide and a tri(ethylene glycol)-
terminated disulfide to generate maleimide functionalized
SAMs, using methods reported in a recent publication (B. T.
Houseman, E. S. Gawalt and M. Mrksich Langmuir, 2003, 19,
1522-1531). A cysteine-terminated peptide ligand for LF was
immobilized by spotting the peptide solution (1 mM in pH 7.0
Tris Buffer) on the monolayer for 30 minutes at 37° C. in a
humidified chamber. (13). The peptide is a ligand that is
enzymatically modified by LF and is cleaved by the enzyme
at the proline residue (15). The glycol groups serve to prevent
non-specific adsorption of protein to the surface and ensure
that all the peptides remain available for interaction with the
enzyme (16,17). Analysis of the substrate with a commercial
instrument for MALDI-TOF showed two mass to charge
peaks, corresponding to the peptide-terminated alkanethiol
(sodium adduct, m/z=2794) and the disulfide substituted with
one peptide and one glycol group (sodium adduct, m/z=3130)
(FIG. 5B) (18). The well-defined surface chemistry and the
lack of fragmentation of molecules are both important to
giving clear and easily interpreted spectra. When this sub-
strate was treated with LF and rinsed, MALDI-TOF revealed
that these two peaks were absent and gave rise to two new
peaks corresponding to proteolysis of the peptide (sodium
adducts for both peaks, m/z=1859 and 2195)(FIG. 5C). LF
was purchased from List Biological Laboratories and stored
as recommended by the provider. The assay buffer for
enzyme reactions was 25 mM HEPES at pH 7.0 containing 10
mM NaCl, 5 mM MgCl,, 50 uM CaCl,, and 50 uM ZnCl,.).

[0057] The assay described above was applied to screen a
library of 10,000 molecules to identify inhibitors of LF (FIG.
5D) (20). Cocktail solutions containing LF (200 nM) and
eight compounds from the library (with each compound
present at approximately 10 uM concentration) in the same
assay buffer described above were first prepared. To prepare
the plate for MALDI-TOF analysis, a glass plate was
machined to give a 10 by 10 array of circular grooves (2 mm
in diameter), and then modified by evaporating a gold film on
the plate, and assembling a SAM presenting the maleimide
groups which were then derivatized with the peptide. The
mixtures containing LF and either compounds were arrayed
onto the plate within the circular grooves-which served to
control the spreading of the drop to a constant area-and then
incubated for 10 minutes at 37 C in the humidified chamber.
The SAMs were rinsed with portions of distilled water, dilute
hydrochloric acid (1 uM), distilled water, and absolute etha-
nol. The SAMs were then treated with matrix (5% 2.4,6-
trihydroxyacetophenone in methanol) and analyzed by
MALDI-TOF on a Voyager-DE Biospectroscopy mass spec-
trometer to obtain a mass spectrum for each circular region.
FIG. 5E shows representative MS data for eight of the mix-
tures (a total of 1250 mixtures were assayed). The majority of
spots on the SAM show complete cleavage of the immobi-
lized peptides. Eleven of the spots (approximately 1%)
showed no cleavage or incomplete cleavage of the peptide,
indicating the presence of an inhibitor in the cocktail. The
assay was repeated with each of the eighty-eight compounds
and found one compound, DS-998, that completely blocked
LF activity at 10 uM concentration.
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Example 4

Pull-Down with PMRT

[0058] In certain cases, it is not feasible to use an immobi-
lized substrate to test the activity of an enzyme. One reason is
that immobilization of the substrate to a solid phase may
compromise its activity for the enzyme. A second reason is
that the enzyme may act on the immobilized substrate with
different kinetics than it does on the corresponding soluble
substrate. For these reasons, it is important to have assay
formats that allow the enzyme activity assay to be conducted
in solution, with a freely soluble substrate, and then to transfer
the substrate (whether or not it has been modified by the
enzyme) to a SAM so that it can be analyzed by MALDI-TOF.
Further, when the assay solution is applied to the SAM, it is
important that the substrate be selectively and efficiently
immobilized to the surface so that purification of the substrate
from the enzyme reaction mixture can be avoided. A variety
of selective immobilization schemes are available for immo-
bilizing the desired substrate from the mixture, including the
use of the cycloaddition reactions, the reaction of thiols with
maleimide, the reaction of cutinase with phosphonate
ligands, and many others.

[0059] The following example illustrate this strategy with
PRMT1, which is the predominant type I protein arginine
methyltransferase that transfers methyl groups from S-adeno-
syl-L-methionine (AdoMet) to proteins. Most PRMTI sub-
strates contain glycine- and arginine-rich sequences that
include multiple arginines (X. Zhang and X. Cheng, Struc-
ture, 11, 509-520, 2003).

[0060] A GST fusion of PRMT 1 (GST-PRMT1) was
expressed from plasmid pGEX-2T-PRMTI as described in
(W.-I.Linet. al. J Biol. Chem., 271 (25),15034-15044, 1996,
J. Tang et. al. J Biol. Chem., 275 (11),7723-7730, 2000). The
peptide GGRGGFGC (SEQ ID NO:3) was synthesized using
conventional FMOC-solid phase synthesis and used as a sub-
strate for the enzyme. This peptide was immobilized to a
SAM presenting maleimide groups and characterized by
MALDI-TOF to show the immobilization of peptide (FIGS.
6A-C). The immobilized peptides were not efficiently modi-
fied by the PRMTI enzyme. Instead, the assay was conducted
in solution followed by selective immobilization of the pep-
tide ligand to a SAM presenting maleimide groups.

[0061] The maleimide-terminated SAMs were formed as
described in the literature (B. T. Houseman, E. S. Gawalt and
M. Mrksich Langmuir, 2003, 19, 1522-1531). A solution (5
ul) containing the GST-PRMTI enzyme (at 20 uM concentra-
tion) was mixed with a 3 pl solution containing AdoMet
(purchases from Sigma, total concentration of 5 mM) and
incubated at 37 C for 1 minute before the peptide ligand was
added. The enzyme reaction was initiated by addition of a
solution containing the peptide ligand at pH 8.0 in Tris buffer
to give a final volume of 10 ul (FIG. 6D-F). The final concen-
trations of GST-PRMT1, AdoMet, and the peptide ligand
were 10 uM, 1.5 mM, and 0.5 mM, respectively, in 10 ul of the
reaction solution. The reaction mixture was incubated at 37 C
for variable times. To obtain a kinetic profile of the reaction,
0.6 pl of the reaction was removed at each of several time
points, quenched and then transferred onto the maleimide-
presenting SAM (within circles, 2 mm in diameter) at each
time point and incubated at 37° C. for 20 minutes for peptide
immobilization. The biochip was rinsed with distilled water,
dilute acid (10 uM HC), distilled water and ethanol. This
procedure was repeated for each time point. The SAMs were
then treated with matrix (5% 2,4,6-trihydroxyacetophenone
in methanol) and analyzed by MALDI-TOF MS to obtain a
mass spectrum for each circle (FIG. 7). The amount of prod-
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uct was quantitated from the intensities of peaks for the
unmodified peptide ligand and the methylated peptide ligand,
and plotted to provide kinetic information on the enzymatic
reaction (FIG. 8).
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<160>

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQUENCE LISTING

NUMBER OF SEQ ID NOS: 4

SEQ ID NO 1

LENGTH: 6

TYPE: PRT

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: synthetic hexapeptide

SEQUENCE: 1

Lys Pro His Ser Arg Asn

1

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<400>

5

SEQ ID NO 2

LENGTH: 9

TYPE: PRT

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: synthetic cysteine-terminated peptide
FEATURE:

NAME/KEY: MOD_RES

LOCATION: (1)..(1)

OTHER INFORMATION: ACETYLATION

SEQUENCE: 2

Ile Tyr Ala Ala Pro Lys Lys Lys Cys

1

<210>
<211>
<212>
<213>
<220>
<223>

<400>

5

SEQ ID NO 3

LENGTH: 8

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: synthetic peptide substrate

SEQUENCE: 3

Gly Gly Arg Gly Gly Phe Gly Cys

1

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>
<220>
<221>
<222>
<223>

<400>

Leu Lys Lys Lys Lys Val Leu Pro Ile Gln Leu Asn Ala Ala Thr Asp

1

5

SEQ ID NO 4

LENGTH: 20

TYPE: PRT

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: synthetic peptide ligand
FEATURE:

NAME/KEY: MOD_RES

LOCATION: (1)..(1)

OTHER INFORMATION: N-terminal acetylation
FEATURE:

NAME/KEY: MOD_RES

LOCATION: (1)..(1)

OTHER INFORMATION: Norleucine

SEQUENCE: 4

5 10

Lys Gly Gly Cys

20
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1. A method of characterizing the enzymatic modification
of an immobilized ligand using a self-assembled monolayer
(SAM) on a biochip and matrix-assisted laser desorption/
ionization and time of flight mass spectrometry (MALDI-
TOF MS) comprising the steps of:

providing a SAM that presents an immobilized ligand

capable of undergoing enzymatic modification;
treating the SAM with a solution containing an enzyme;
rinsing the SAM to remove the solution;

optionally applying a matrix; and

analyzing the SAM by MALDI-TOF MS.

2. The method of claim 1, wherein multiple test SAMs are
provided and exposed to the solution comprising the enzyme
for differing amounts of time.

3. A method of detecting enzymatic modification of an
immobilized ligand on a self-assembled monolayer (SAM)
comprising the steps of:

providing a self-assembled monolayer (SAM) which is

inert to the non-specific adsorption of biomolecules;
immobilizing a ligand onto the surface of the SAM to form
a ligand-immobilized SAM;
reacting the ligand-immobilized SAM with an enzyme for
a time sufficient to modify the ligand to obtain a modi-
fied ligand-immobilized SAM;

rinsing the modified ligand-immobilized SAM to remove

the excess solution; and

analyzing the modified ligand-immobilized SAM with

matrix-assisted laser desorption/ionization-time of
flight mass spectrometry (MALDI-TOF MS).

4. The method of claim 3, further comprising optionally
applying a matrix to the modified ligand-immobilized SAM
prior to the analyzing step.

5. The method of claim 3, wherein the SAM comprises
oligo(ethylene glycol)-terminated alkanethiol groups.

6. The method of claim 3, wherein the SAM comprises
mannitol-terminated alkanethiol groups.
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7. The method of claim 3, wherein the SAM comprises
diene-terminated alkanethiol groups.

8. The method of claim 3, wherein the SAM comprises
dieneophile-terminated alkanethiol groups.

9. The method of claim 3, wherein immobilizing the ligand
onto the surface of the inert SAM comprises contacting the
surface of the inert SAM with the ligand and a second enzyme
which catalyzes formation of a covalent bond between the
ligand and the surface.

10. The method of claim 7, wherein immobilizing the
ligand onto the surface of the inert SAM comprises contacting
the diene-terminated alkanethiol groups with a dieneophile.

11. The method of claim 8, wherein immobilizing the
ligand onto the surface of the inert SAM comprises, contact-
ing the dieneophile-terminated alkanethiol groups with a
diene.

12. A method of detecting the enzymatic modification of a
ligand comprising the steps of:

reacting a ligand with a first enzyme in solution for a time

sufficient to obtain a modified ligand;

contacting the solution containing the modified ligand with

the surface of a SAM, which is inert to the non-specific
adsorption of biomolecules, for a time sufficient to
obtain a modified ligand-immobilized SAM;

rinsing the modified ligand-immobilized SAM to remove

the excess solution; and

analyzing the modified ligand-immobilized SAM with

matrix-assisted laser desorption/ionization-time of
flight mass spectrometry (MALDI-TOF MS).

13. The method of claim 12, further comprising, prior to the
contacting step, activating the SAM.

14. The method of claim 13, wherein activating comprises
electrically, photochemically, enzymatically, or chemically
modifying the SAM to make it capable of reacting with the
ligand.



