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Protein Biochips

P rotein biochips are at the heart of many medical and bioanalytical

Angewandte

From the Contents

applications. Increasing interest has been focused on surface activation

and subsequent functionalization strategies for immobilizing these
biomolecules. Different approaches using covalent and noncovalent

1. Introduction 9619

2. Chemical Activation of Surfaces 9620

chemistry are reviewed, particular emphasis is placed on the chemical

specificity of protein attachment and on retention of protein function.
Strategies for creating protein patterns (as opposed to protein arrays)
are also outlined. An outlook on promising and challenging future

3. Protein Immobilization
Strategies 9626

4. Conclusions and Outlook 9642

directions for protein biochip research and applications is also offered.

1. Introduction

An attractive approach to rapid profiling of entire
proteomes has arrived with the concept of the protein
microarray or protein biochip.!! Using technologies devel-
oped for the production of DNA microarrays, thousands of
proteins can be spotted onto a chip. Subsequently, a biological
sample can be spread on the chip, and binding proteins can be
identified. The protein of interest can then be analyzed using
techniques such as fluorescence imaging, time-of-flight mass
spectrometry, and peptide mass fingerprinting. Such protein
biochips promise a fast, high-throughput means to profile
disease-related proteins or to study protein—protein and
protein—drug interactions, which was previously only possible
using methods such as western blotting and enzyme-linked
immunosorbent assays (ELISA). Despite the promise and
potential of this concept, protein chips have become, with a
few exceptions, only sparsely integrated into, for example,
drug discovery research.”"

Although the advantages offered by such protein micro-
arrays parallel DNA microarray technology, in particular with
respect to the requirement of only tiny quantities of precious
and expensive samples and reagents, the analogy with DNA
arrays is more apparent than real. Constructing protein arrays
requires more steps and is more complex than the generation
of DNA microarrays, in particular owing to the sensitive
nature of proteins, which often results in (partial) denatura-
tion upon chemical treatment and immobilization.['"?!

An additional driving force for the development of
protein biochips emanates from related biotechnological
fields, such as the development and application of biosensors,
biocatalysis, and bioanalytics. In these fields, there has been a
recent shift towards generating surfaces that display proteins
in highly controlled patterns, preferably with nanometer-scale
precision."*'* The ongoing miniaturization of biodevices and
biomaterials is required to address fundamental and applied
problems related to complex interfaces, such as those
encountered between biological entities and artificial systems
and devices.'"¥

One of the paramount challenges of manufacturing a
viable protein chip is the correct choice of a solid surface and
the development of surface chemistry that is compatible with
a diverse set of proteins while maintaining their integrity,
native conformation, and biological function.'”*”) Further-
more, protein attachment on the chip should be controlled
with respect to chemical selectivity. In other words, it should
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be controlled which functional groups or tags of a protein take
part in the immobilization. Moreover, it is desirable to control
regioselectivity, that is, whether only one or several protein
orientations are preferentially adopted on the surface.”'*! In
addition, one-step preparation schemes should be applied
wherever possible as opposed to methods requiring a second
step or more extensive protein modifications prior to
immobilization.”?

Typically, protein chips are prepared by immobilizing
proteins on chemically activated glass slides using a contact
spotter or a noncontact microarrayer, both of which became
widely accessible in the high-throughput fabrication of DNA
microarrays.”-?*! However, the drive to not only fabricate
arrays of protein spots but to create patterns on a surface or to
attain feature sizes in the nanometer regime has spurred the
development of various structuring methods that are widely
employed in nanotechnology and materials science.” For
example, dip-pen nanolithography (DPN) provides access to
the smallest features, which allows for a smaller chip size with
many more reactive sites than conventional microscale robot
spotting techniques.[**~

Another important challenge to the optimal use of protein
biochips is the development of suitable detection strategies. A
broad range of techniques has been developed, such as
fluorescence imaging, surface plasmon resonance (SPR), and
mass-spectrometry-based methods. These methods are de-
scribed in a number of excellent review articles.”'****! The
aim of this Review is to bring together chemical, biological,
and nanotechnological strategies for the generation of protein
biochips. The first section presents general means for chemi-
cally tailoring organic and inorganic surfaces for protein
immobilization. The following sections describe protein
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immobilization strategies facilitating either random or
defined protein orientation.

2. Chemical Activation of Surfaces

The final performance of a protein biochip strongly
depends on parameters related to the immobilization process
itself. These include:

a) the chemical and physical properties of the surface, as they
influence both specific and nonspecific binding of target
and nontarget proteins;

b) the distance between the immobilized proteins and the
chip surface;
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c) the orientation of the immobilized proteins, which might
impair binding, especially to large analytes such as other
proteins; and

d) the density of the proteins on the surface, which deter-
mines the chip’s sensitivity and limit of detection.

The selection of the solid surface employed for generating
the protein chip depends on the intended application. For
example, gold surfaces are often used for the development of
biosensors with electrochemical and SPR read-out because
of their outstanding electrical conductivity and convenient
functionalization by means of thiol chemisorption. In con-
trast, glass or silicon is typically preferred for optical sensors
because of their transparency (in the case of glass) and low
intrinsic fluorescence. In general, these surfaces are charac-
terized by their chemical homogeneity and stability, their
controllable surface properties (such as polarity and wet-
tability), their ability to be modified with a wide range of
chemical functionalities, and the reproducibility of surface
modification.

2.1. Planar Chip Surfaces
2.1.1. Reactive Interfaces on Glass

Glass slides are the favored surface for DNA microarrays
for a number of reasons such as availability, flatness, rigidity,
transparency, amenability of the surface to chemical modifi-
cation, and nonporosity.*>*"! Methodologies for functionaliz-

Christof M. Niemeyer studied chemistry at
the University of Marburg and received his
PhD on the development of organometallic
receptor molecules at the Max-Planck-Insti-
tut fiir Kohlenforschung in Miilheim/Ruhr
with Manfred T. Reetz. After a postdoctoral
fellowship at the Center for Advanced Bio-
technology in Boston (USA) with Charles R.
Cantor, he received his habilitation from the
University of Bremen, and he has held the
chair of Biological and Chemical Microstruc-
turing in Dortmund since 2002. His research
; g interests concern the chemistry of bioconju-
gates and their applications in life sciences, catalysis, and molecular
nanotechnology. He is the founder of the company Chimera Biotec
GmbH, which is commercializing diagnostic applications of DNA-protein
conjugates.

Herbert Waldmann received his PhD in
1985 at the University of Mainz under Horst
Kunz in organic chemistry, after which he
completed a postdoctoral appointment with
George Whitesides at Harvard University.
He was professor of organic chemistry at the
University of Bonn (1991) and the Univer-
sity of Karlsruhe (1993) and is now director
at the Max Planck Institute of Molecular
Physiology Dortmund and professor of
organic chemistry at the University of Dort-
mund (1999). His research interests lie in
chemical biology research employing small-
molecule and protein probes and microarray
technology.

Angew. Chem. Int. Ed. 2008, 47, 9618 — 9647


http://www.angewandte.org

Protein Biochips

ing glass slides with chemical groups have been reported for
the development of small-molecule and DNA microar-
rays.?3%3! The main method for functionalization of glass
slides uses reactive silanol groups (Si—OH) on the glass
surface. The silanol groups can be generated by pretreatment
of the surface with, for example, piranha solution (H,O,/
H,SO,) or oxygen plasma. Organofunctional silanes of the
general structure (RO);Si(CH,), X or trichlorosilanes are
then used to introduce a new functional group on the
surface."! A large variety of silane reagents are commercially
available, bearing amine, thiol, carboxy, epoxide, and other
functional groups for subsequent modification steps./*
Scheme 1 displays the proposed steps involved in this

a)

o H,0 OH
oSl NH: HO- 51~ NH2
fo HO
EIOH
OH N O\S‘ -
-Si
OH (?H ) C&d NP2
oH T HO-SI o NH; o OH
HO ‘:Si\//\\/NH?
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C
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S~ NH2
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Scheme 1. Proposed mechanism for the silanization with aminopropyl-
triethoxysilane (APTES): Hydrolysis of the reactive siloxanes (a), which
can take place in solution or on the substrate surface, allows
condensation with surface silanol groups (b). Thermal curing of the
resulting film causes further cross-linking (c).l"*!

functionalization.' ™! The initial hydrolysis step can occur
either in solution or at the surface, depending on the amount
of water present in the system.***! An overabundance of
water results in excessive polymerization in the solvent phase,
while a deficiency of water results in the formation of an
incomplete monolayer."*>*! Various protocols for silanization
can be found in the literature, employing deposition of silanes
from organic solutions, from aqueous solutions, from the gas
phase, or by chemical vapor deposition.™ !

Dendrimers are compounds with branched chemical
structures that can carry a range of chemically reactive
groups at their periphery. They have been applied for surface
derivatization to create a larger functional surface area. The
dendritic structure can either be synthesized in situ by
derivatization of the surface with multifunctional linkers!*”
or be generated by direct surface modification with a
presynthesized branched structure, such as polyamido-
amine,****! phosphine,®” or poly(propylene imine) den-
drimers.®"! In general, the second strategy (Scheme 2) is
preferred, as reactions on the surface suffer from lower yields
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Scheme 2. Production of dendrimer-functionalized chips using poly-
(propylene imine) dendrimers: After cleaning with piranha solution,
the glass or silicon surface can be activated with carbonyldiimidazole
(CDI), for example. Dendrimers can then be immobilized through their
peripheral amine groups.”"!

and thus decrease the number of activated groups. In a
systematic study, Pathak et al. showed that by increasing the
density of poly(propylene imine) dendrimers, the activity of
alkaline phosphatase randomly immobilized on dendrimer-
coated glass slides can be preserved.F!

2.1.2. Reactive Interfaces on Silicon

Apart from glass, silicon has also been used as a surface
material for fabricating biochips. Silicon wafers are used on a
large scale in the semiconductor industry, because these chips
possess high electric conductivity, great chemical resistance to
solvents, good mechanical stability, and low intrinsic fluores-
cence. However, chemical functionalization of silicon surfaces
is complicated by the fact that silicon spontaneously oxidizes
in air to produce an amorphous silica layer. Therefore, surface
modification strategies for the formation of covalent silicon—
carbon bonds require, first, a special pretreatment of the
silicon surface to remove the oxide layer and, second, an
activation of the silicon surface for subsequent reaction with
organic moieties (Scheme 3). This activation is typically
achieved by treatment of the silicon surface with HF to
generate a hydrogen-terminated Si(111) surface, which can
further react with unsaturated w-functionalized alkenes upon
ultraviolet irradiation or thermal activation.”? Alternatively,
when silicon is oxidized with plasma (ionized gas), function-
alization with organosilanes in analogy to glass slides can be
carried out.*! In recent years, various procedures have been
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Scheme 3. Examples of Si(111) functionalization: Si(111) spontane-
ously forms an amorphous silica layer in air. Treatment with HF, for
example, produces a hydrogen-terminated silicon surface that can
react further, for example with w-functionalized alkenes. Treatment
with oxygen plasma provides silanols at the Si(111) surface, which can
then react with organosilanes.""*3

developed to functionalize a range of alternative
oxide surfaces that are of particular interest for

C. M. Niemeyer, H. Waldmann et al.

deposition of gold onto silicon wafers is the most feasible
method for the preparation of gold surfaces. Using an
intermediate layer of chromium or titanium promotes the
adhesion of gold on the silicon wafers. The preparation of
smooth gold surfaces can be carried out employing the so-
called template stripping method of gold from, for example,
mica, which is described elsewhere.!”) The chemistry of the
gold—thiol interface is well known and is much easier to
control than organosilane chemistry. Thiols, sulfides, and
disulfides are dissolved in a sufficiently pure solvent (in
general ethanol or water) and are then applied onto the
cleaned gold surface. A typical thiol monolayer on gold is
shown in Figure 1. Generation and applications of SAMs have
recently been reviewed elsewhere.[*%!

The terminal groups of heterobifunctional thiol com-
pounds are important for the potential interaction of the
SAM with proteins, and thus, a variety of functionalized thiols
are commercially available and have been used in protein
biochip applications. As long as the terminal groups are
relatively small, they have little or no influence on the
orientation of the monolayers. However, this is not the case
for large terminal groups, such as proteins. Therefore, to
circumvent the reduction of packing density upon incorpo-
ration of large headgroups, mixed SAMs are increasingly used
for the immobilization of biomolecules.

For a mixture of two thiol compounds that does not show
demixing tendencies, a random attachment of both com-
pounds to the surface can be assumed.” Thus, an o-
substituted alkane thiol can be mixed with short-chain

Organic Interface:
— Determines surface properties
- Presents chemical functional groups

specialized applications such as implants (tita- FTem:_inalI I T |
. . . . . unctiona
nium, tantalum, and niobium), electrical devices Gowp [ Organic Interphase (1-3 nm):

(indium tin oxide (ITO) and diamond), and
others, such as silicate minerals (mica). Silane
chemistry®™> and electropolymerization®>!
procedures were applied in the case of ITO,
while photoimmobilization was used to activate
diamond.””! To functionalize mica, (poly)elec-
trolytes were used in addition to silane chemis-
try,*% while for titanium, tantalum, and
niobium!®"%! self-assembled monolayer (SAM)
formation using thiols and phosphonates was
also reported.®>®

Metal

2.1.3. Reactive Interfaces on Gold

Gold surfaces have been extensively used in biosensing
applications and offer the advantage of being easily function-
alized with SAMs!®%! of w-functionalized thiols, disulfides,
and sulfides. The generation of SAMs on such surfaces
strongly depends on the crystalline morphology of the
underlying metal. Au(111) yields SAMs having the highest
density and highest degree of regularity and is therefore most
widely applied. Usually, gold films are applied onto polished
glass, silicon, or freshly cleaved mica.®®! The thermal

www.angewandte.org
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— Provides well-defined thickness

— Acts as a physical barrier

— Alters electronic conductivity
and local optical properties

Metal-Sulfur Interface:
) — Stabilizes surface atoms
) - Modifies electronic states

Figure 1. |deal self-assembled monolayer (SAM) of terminally functionalized alkylthio-
lates bound to a Au(111) surface, showing the alkyl chains in the characteristically
tilted orientation. Reproduced with permission from ACS.

unsubstituted thiols. For the resulting presentation of
anchor molecules, steric hindrance is minimized. The major
drawbacks of using thiolates on surfaces are, however, their
mobility on the solid surface, which limits the lifetime of the
chips,®%! and their susceptibility to photooxidation.” This
susceptibility, however, can be utilized to selectively pattern
SAMs by taking advantage of lithographic techniques.”!

2.1.4. Reactive Interfaces on Polymer Surfaces

Polymer support materials are potentially valuable alter-
natives to inorganic surfaces. The inexpensive production of

Angew. Chem. Int. Ed. 2008, 47, 9618 — 9647
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polymers makes their use in commercial applications partic-
ularly attractive. For example, in ELISA applications the
most commonly used microtiter plate material is polysty-
rene,”" ™ and a wide range of microfabricated devices are
also based on polymers. Currently these polymeric devices are
becoming available for implementation in existing standard
microarray equipment.”””! Prominent examples of such
devices are microfluidic chips, which are usually manufac-
tured from polymeric materials such as poly(dimethylsil-
oxane) (PDMS), poly(methyl methacrylate) (PMMA), and
polycarbonate (PC). For protein immobilization, chemical
surface modification of these polymers is required, as they
lack suitable functional groups in their native form."”! For
example, PDMS can be treated by plasma oxidation, which
allows functionalization with organosilanes (e.g. mercaptosi-
lanes to generate thiol-terminated PDMS; Scheme 4).""l

CHy
"CH; i-OH
itgﬂ; _— i-OH e
. -CHg Plasma % Mercaptosilane
1 -
CHy i-OH
PDMS Activated
PDMS

o

e

Target-biomolecule
immobilization i-o-"ﬁi’\/"‘s o
(protein, oligonuclectide etc.) o
- i-0-8i" "8

Target-biomolecule-functionalized
PDMS

Scheme 4. Example for the chemical functionalization of PDMS: A PDMS substrate is
activated by plasma oxidation and functionalized with a mercaptosilane to produce a
PDMS surface displaying thiol groups, which can then be used for subsequent
immobilization of target biomolecules, for example, maleimide-functionalized proteins

or oligonucleotides./™

PMMA can be treated with 1,6-hexanediamine to obtain an
aminated surface that is suitable for subsequent protein
immobilization.” In the case of PC, sulfonation of the
surface with sulfate groups has been described.["

2.2. Chips with 3D Matrixes

Instead of spotting proteins onto a two-dimensional solid
surface, molecules can diffuse into a porous matrix formed by
polymer membranes or hydrogels. These matrixes show a high
capacity for protein immobilization and can provide a more
homogeneous “natural” aqueous environment than flat
surfaces, thus preventing denaturation of proteins. However,
they suffer from problems related to mass transport effects
and sometimes high background signals.

Traditional membrane materials that have been used are
nitrocellulose and nylon, the latter providing greater physical

Angew. Chem. Int. Ed. 2008, 47, 9618 — 9647
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strength and binding capacity. Protein attachment to nylon is
also generally more stable than to nitrocellulose. Nylon allows
for positive or negative electrostatic interactions or photo-
cross-linking, while nitrocellulose is believed to bind proteins
by means of hydrophobic interactions.*!! Casting of these
membranes onto the surface of glass enhances their stability
and thereby improves spot resolution from 0.5-1 mm to 25—
200 um, allowing for their application in microarray technol-
ogies.F*¥ Further improvement of mechanical stability is
offered by anodically oxidized porous alumina. This material
offers readily available surface chemistries, in particular
silanization methods, which can lead to higher densities of
biomolecular probes, and thus to higher sensitivity in array
applications.®!
Polymeric hydrogels represent hydrophilic matrixes into
which proteins can diffuse, leading to an up to 100-fold higher
capacity of immobilization than is found for
planar surfaces.®®! Covalent attachment of the

o ~~~gy gels to solid surfaces allows for generation of
o stable microarray chips. For example, agarose
i-0-5i"~"sH array cuip p'c, ag
o and acrylamide can be photopolymerized onto a
-0-5"""SH  gurface functionalized with acryl groups.®*)

Subsequently, the polymer can be activated
with hydrazine or ethylenediamine to generate
amine groups on the surface.’*® Other exam-
ples of polymeric gel surfaces that can be used
for the immobilization of proteins involve poly-
saccharides, such as chitosan or dextran. Chito-
san is an amine-modified, natural, nontoxic
polysaccharide, and it is biodegradable. Owing
to its pH-responsive properties, it can simulta-
neously be immobilized onto glass supports and
bind proteins through electrostatic interactions.
Dextran is a complex branched polysaccharide
consisting of glucose molecules joined into
chains of varying lengths. Dextran hydroxy
groups can be oxidized to aldehyde functional-
ities that can then be covalently immobilized
onto amine-functionalized supports (Scheme 5).
This combination forms the surface of commer-
cial Biacore chips.'® Unreacted aldehyde
groups can be further used for protein immobilization.
Figure 2 shows the use of lysine-functionalized poly(ethylene)
glycol (PEG), which was spotted onto aldehyde-coated glass
slides; subsequently, immunoglobin G (IgG) was immobi-
lized.®! Supramolecular hydrogels composed of glycosylated
amino acids have recently been introduced as a surface
material for protein arrays.’) Biodegradable polyesters, such
as poly(L-lactic acid) and its various copolymers with D-lactic
acid and glycolic acid, have also been studied as surfaces for
biological applications.®™!

2.3. Design Principles for Minimizing Nonspecific Adsorption

In contrast to DNA microarray applications, nonspecific
binding represents a major obstacle in the development of
protein microarray assays. As nucleic acids are uniformly

negatively charged, spontaneous adsorption to a given surface
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_—
Aspartic acid
+
reducing agent
(e.g. NaBH,)
Aspartic dextran
10,
(partial
oxidation)

Aminated support
+

reducing agent
(e.g. NaBH,)

Aldehyde-aspartic
dextran

Chitosan
B-(1,4)-0-glucosamine

Scheme 5. Reaction of dextran with periodate produces non-ionic aldehyde dextran. Subsequent modification with aspartic acid and periodate
results in aldehyde- and aspartate-modified dextran, which can be attached to amine-capped surfaces by reduction. To recover protein-reactive
aldehyde functionalities, further oxidation with periodate is necessary, affording a negatively charged, protein-capturing polymer.*"!

is much easier to suppress than for proteins, which can adsorb
through electrostatic, van der Waals, and Lewis acid-base
forces as well as through hydrophobic interactions and
conformational changes.®*! As mentioned above, nonspe-
cific adsorption of proteins (e.g. antibodies) still represents
the standard methodology for the immobilization of proteins
in microtiter-plate assays. However, the quality of these
assays is determined not only by the desired binding events
between proteins but also to a large extent by the suppression
of undesired, nonspecific binding of analytes and other
www.angewandte.org
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components within the biological sample. Such nonspecific
binding can give rise to background signals and thus to low
signal-to-noise ratios. Achieving low degrees of nonspecific
binding is therefore the most important factor not only in
ELISA and related high-sensitivity protein detection assays!*'!
but also in the preparation of protein microarrays.

Effective reduction of nonspecific adsorption has been
achieved by careful selection of the surface material, for
instance by using naturally occurring surfaces such as
elastin,” sarcosine,” agarose,* cellulose,” and polysac-

Angew. Chem. Int. Ed. 2008, 47, 9618 — 9647
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Figure 2. a) Hydrogels created from aldehyde- and lysine-functional-
ized poly(ethylene glycol) (PEG) and containing 1gG were spotted onto
aldehyde-coated glass slides to create gel pockets attached to the
glass slides. b) Incubation of the 1gG-containing hydrogel spot array
with Cy5-labeled protein G allowed detection of 1gG-containing hydro-
gel spots. c) Optical (left) and fluorescence images (right) of the
hydrogel spots. Spot diameter is approximately 200 mm. Only the top
row of hydrogel spots, which contain 1gG, show fluorescence.?
Reproduced with permission from ACS.

charides,”™* or by using synthetic polymeric surfaces such as
fluorocarbon polymers and molecules,”**! polyethylene
glycol,””1%  poly(vinyl alcohol),'™1  or polyelectro-
lytes.'®1931%1 One particularly versatile approach to sup-
pressing nonspecific adsorption is based on surfaces that
present oligo(ethylene glycol) derivatives."”'7 An elegant
study by Whitesides and Prime showed that crystalline helical
and amorphous forms of SAMs of oligo(ethyleneglycol)-
functionalized alkanethiolates on gold are resistant to protein
adsorption.!'™

It is hypothesized that binding of interfacial water by the
ethylene glycol layer is important for the ability of the SAM
to resist protein adsorption.'”) However, the susceptibility of
ethylene glycol chains to autoxidation limits their long-term
application. Surface phospholipids also minimize nonspecific
binding. Their strong hydration capacity, achieved by electro-
static interaction, is postulated to be responsible for this
effect.'® The zwitterionic properties of monolayers of, for
example, oligophosphorylcholine SAMs result in suppression
of kinetically irreversible nonspecific adsorption of proteins.
Unfortunately, phosphorylcholine monolayers are not very
stable. In an attempt to further rationalize the design of

Angew. Chem. Int. Ed. 2008, 47, 9618 — 9647
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surfaces resistant to protein adsorption, Whitesides and co-
workers formulated a hypothesis relating the preferential
exclusion of a “solute” to its ability to render surfaces
resistant to the adsorption of proteins (Figure 3). When

a)  Preferentially Excluded b)
Solute

L4 4_,_ “Near-surface Region”
.

(Lacal Domain)

10A “Near-surface Region']

(Local Domain)

10A [

Figure 3. Protein-resistant surfaces: Solutes preferentially excluded
from the “near-surface” solution domain of a protein cause substantial
preferential hydration of the protein (a). Attaching such a solute to a
surface minimizes (unspecific) protein adsorption (b)."'” Reproduced
with permission from ACS.

elements of known osmolytes (organic compounds affecting
osmosis) or kosmotropes (organic compounds contributing to
the stability and structure of water-water interactions) were
incorporated into alkanethiolates such as betaine, taurine, or
hexamethylphosphoramide, SAMs of these compounds dis-
played improved protein repellency.''”! Although these elab-
orate approaches have proven to be effective for minimizing
nonspecific adsorption, it must be clearly stated that the old-
fashioned blocking of reactive surface sites by the addition of
blocking agents such as the protein bovine serum albumin
(BSA), skim milk powder, or other reagents and the presence
of surfactants such as Tween-20 and sodium dodecyl sulfate
(SDS) are usually indispensable to the suppression of non-
specific protein adsorption.”

2.4. Installing Functional Groups on Activated Surfaces

Reactivity of a chip surface is determined by the func-
tional groups it displays. The density of the reactive groups is
one important factor controlling the amount of protein that
can be immobilized on a specific surface area and thus
consequently influences the limit of detection attainable with
the particular chip. The direct attachment of a protein to a
surface without a spacer can cause steric constraint of the
protein’s reactivity or interaction capability compared to the
protein in solution. Moreover, multiple direct contacts with
the surface can induce denaturation or partial denaturation
and thus a decrease in activity. By introducing a spacer
between the protein and the reactive group on the surface,
these effects can be minimized. The spacer can be of nearly
any desired length and can possess a variety of chemical
characteristics; it can be rigid or flexible, hydrophilic or
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hydrophobic, charged or neutral.”>''l Tt can even contain
programmable information, as we will discuss in the context
of nucleic acid linkers (see Section 3.2.1.4).

Surface functionalization with a spacer can allow for
attachment of potentially any desired reactive group. Such
spacers are often bifunctional, consisting of either two similar
or two different groups. Most commonly used spacers are
those carrying two similar groups that react with amine
groups on surfaces generated as described in the previous
sections. Commonly used examples are glutaraldehyde, 1,4-
butanediol diglycidyl ether, 1,4-phenylene diisothiocyanate,
dimethylsuberimidate, divinylsulfone, bis(sulfosuccinimidyl)-
suberate, disuccinimidyl carbonate, or terephthaldialdehyde
(Table 1). In the case of thiol-preactivated surfaces, 2,2'-
dipyridyl disulfide can be used to initially generate a reactive
thiopyridyl disulfide, which then readily forms disulfide bonds
with cysteine groups of proteins. In the case of hydroxy-
preactivated surfaces, N,N'-carbonyldiimidazole (CDI) can be

C. M. Niemeyer, H. Waldmann et al.

used. Homobifunctional spacers have the disadvantage of
potentially connecting two neighboring groups, either on the
surface or on the biomolecule, thereby blocking the reactivity
for further attachment of other molecules or inducing
undesired cross-linking. To avoid this effect, ring opening or
heterobifunctional spacers can be employed. Examples of
such spacers (Table 1), which are commercially available,
comprise glutaric anhydride or molecules carrying a thiol-
reactive maleimide and an amine-reactive succinimidyl ester
functionality such as SMCC and SIAB.

3. Protein Immobilization Strategies

The chemical strategy that is chosen to attach proteins to
surfaces can largely determine the properties of the protein
biochip. Conventional spotting of unmodified proteins onto
reactive surfaces leads to statistical orientation of the proteins

Table 1: Structures of commonly used spacer/linker molecules (SATA, MSA, SADP, PMPI, SMCC, SPDP, SIAB from Pierce).

Spacers

Homobifunctional

Heterobifunctional

Amine-reactive

glutaraldehyde Hk/\/u\H
? (0]
1,4-butanediol diglycidyl ether L~ \N\O/\do
1,4-phenylene diisothiocyanate SCNONCS
NH,CI
dimethylsuberimidate \OJ\/\/\/YO\
NH,CI
o]
N
divinylsulfone /ﬁj
o]
o] (¢]
O
disuccinimidyl carbonate g‘OJ\O’D
o o}
(0] (o]
terephthaldialdehyde >—®—/<
H H
_9 © o
bis (sulfosuccinimidyl)suberate HO (\S|) N
e} 2

Thiol-reactive

o 7 N
Q Q
S_

s

2,2'-dipyridyl disulfide

N,N’-carbonyldiimidazole

o
AL

Amine-reactive

glutaric anhydride
o O O

(o}
o
SATA (protected thiol) qoj\/sm/
o o]

O
O
MSA (protected acid) gOMO\
o o
Lo s S
. 0 EN
SADP (photoreactive) N \n/\/ s
o
[¢]

Amine- and hydroxy-reactive

o]
qN@fNCO
[e]

PMPI
Amine- and thiol-reactive
O o:(il\
N-O N
SMCC Q : : o
O O
.0 S. X
SDPD Q s
O
0]
O
SIAB

Q:NZ%QL '
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on the underlying surface. Numerous examples of antibody
arrays have shown that this strategy is sufficient to maintain
the antibody’s binding capability and thus enable the
anticipated application. However, in certain cases when the
chemical strategy invokes random protein orientation, the
properties of the immobilized proteins may be partially or
even completely lost.> %1213 To ensure accessibility of the
protein’s active site and thereby enable the detailed study of
protein function, a homogeneous surface orientation of
proteins on chips without affecting their conformation and
function should be sought. This goal is generally met by
adopting chemoselective protein immobilization strategies.
This section surveys two chemical strategies for the immobi-
lization of proteins. The first part addresses the use of
nondirectional noncovalent (Section3.1.1) and covalent
(Section 3.1.2) coupling reactions to immobilize proteins on
surfaces, characteristically resulting in randomly oriented
proteins. The second part covers the use of more sophisticated
methodologies based on either directional noncovalent inter-
actions (Section 3.2.1) or covalent chemo- and regioselective
coupling reactions (Section 3.2.2), both of which lead to
uniformly oriented proteins on surfaces.

3.1. Randomly Oriented Proteins
3.1.1. Noncovalent Attachment

Proteins can adsorb on surfaces through ionic bonds and
through hydrophobic and polar interactions. Which of these
intermolecular forces dominate the interaction will depend on
the particular protein and surface involved. Random protein
physisorption on hydrophobic polystyrene microplate surfa-
ces represents the by far most common method of protein
immobilization. Protein immobilization can also be achieved
through electrostatic interactions. Surfaces that are modified
to contain positively charged amine or negatively charged
carboxy groups are most suitable for this approach. The
resulting adsorbed protein layer is likely to be heterogeneous
and randomly oriented, since each molecule can form many
contacts in different orientations, minimizing repulsive inter-
actions with the surface and previously adsorbed proteins.
Adsorption strategies are mainly used with three-dimensional
materials. For example, polypropylene membranes modified
with polyaniline allow adhesion through combined electro-
static and hydrophobic interactions and demonstrate high
affinity for and compatibility with different proteins.®
However, the most common polymer surfaces in protein
chips are hydrogels on gold, which are used in Biacore and
other technologies employing SPR read-out."'*'* Nitro-
cellulose on glass is also widely applied, because protein
binding at such surfaces is well known from western blots and
diagnostic membrane-based systems.’>!1®) Among hydrogels,
sulfate-modified dextran performs much better than dextran
modified with cellulose and aspartic acid because of the
higher density of charged groups on the surface, which can
lead to improved adsorption.

A clean gold surface can also be directly functionalized
with thiol-containing molecules. Therefore, direct immobili-
zation of proteins on gold surfaces can be achieved by simply
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exploiting the high affinity of cysteine residues in the protein
for the gold surface, resulting in efficient chemisorption.!'7-118l
After immobilization, a passivation step should be carried out
to block remaining gold areas. This method is advantageous,
because no surface modification is necessary prior to protein
attachment. However, the adsorption capacity of such
surfaces is limited, and proteins tend to lose activity when
in direct contact with metal surfaces. Protein activity and
surface loading can be increased significantly when SAMs are
used as an intermediate layer (Section2.1.3). Although
electrostatic interactions are not directive, they are often
used when patterning antibodies onto negatively charged
nanoparticles that are deposited on surfaces in specific
patterns using DPN'"! etching,!* or colloidal lithogra-
phy.'2l' Alternatively, hydrophilic domains of phase-sepa-
rated block copolymers or directed deposition of hydrophilic
polymers can be used to pattern antibodies on surfaces.['221%°]

3.1.2. Covalent Attachment

In general, proteins offer many functional groups, mainly
in the amino acid side chains, that are suitable for immobi-
lization purposes. Such functional groups can be used to
covalently couple proteins to surfaces by a range of different
reactions. Suitable complementary groups installed on the
solid support are described in Section 2. Various chemically
modified surfaces are commercially available for this purpose,
and some of them are designed to suppress nonspecific
adsorption. Many of these methods have been established and
refined in the course of the development of Biacore
technology, which provides a robust platform for in situ
monitoring of binding events (e.g. protein—protein interac-
tions). Such Biacore chips can also be adapted with non-
covalent capture ligands, which are described in Sec-
tion 3.2.1%° Table 2 shows some typical examples of compat-
ible groups attached to surfaces and the functional groups
they react with. It is important to note that protein attach-
ment can occur simultaneously through many residues,
thereby restricting degrees of conformational freedom (and
thus possibly activity) and also increasing heterogeneity in the
population of immobilized proteins.

3.1.2.1. Amine-Reactive Surfaces

By far the most common method to covalently attach
proteins to surfaces uses the amine group of the lysine side
chain. Unfortunately, the high abundance of these groups
(greater than 10 %) can lead to the aforementioned problems
of increased heterogeneity and restricted conformational
flexibility owing to multipoint attachment on a surface.
Surface-bound N-hydroxysuccinimide (NHS)-activated car-
boxylic acids are most commonly used for coupling with
protein amine groups, forming stable peptide bonds.'?-1%!
Immobilization efficiency depends on several parameters, for
example, pH value, concentration, ionic strength, and reac-
tion time, and in some cases conditions need to be optimized
for several classes of proteins. Nonetheless, the NHS ester is
sufficiently reactive and stable towards hydrolysis if standard
reaction procedures are applied, such as phosphate-buffered
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Table 2: Methods used for nonspecific covalent protein immobilization.

C. M. Niemeyer, H. Waldmann et al.

teins.®*13 140 From a practical point of

Surface functional groups

Protein functional groups

view, it is noteworthy that various commer-
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cially available chip surfaces have recently
been systematically compared with respect
to their performance in antibody-based
microarray applications. 714!

Recently, different procedures have
been adopted for creating locally activated
carboxylic acid groups on surfaces, allowing
for the site-selective attachment of proteins.
Using reactive microcontact printing!"*"! and
microstamping,'*”! spatially defined pat-
terns of activated carboxylic acid groups
were fabricated to immobilize laminin and
fibronectin. Precisely positioning mercap-
toaldehydes in SAMs using atomic force
microscopy (AFM) allowed for the creation
of IgG and metalloprotein patterns.1-131
Mirkin and co-workers used DPN to create
activated carboxylic acids on defined nano-
meter-sized patches (Figure 5).121%! These
amine-reactive templates were then used,
for example, to immobilize protein A or

amide

imine

thiourea

aminoalcohol

amide

[a] With coupling reagent (e.g. CDI).
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saline at pH 7.3 and room temperature. Another widely used
strategy employs surface-bound aldehyde groups that can
react with amine groups of proteins to form labile imine
linkages that can be subsequently stabilized by reduction with
sodium borohydride to form secondary amines."*~*!
MacBeath and Schreiber reported one of the first micro-
arrays to successfully demonstrate the stable immobilization
of proteins through amine groups (lysine residues or the NH,
terminus) onto aldehyde-derivatized glass slides,"* a proce-
dure commonly used earlier in Biacore technology.*® They
showed the interaction between surface-bound protein G and
IgG, between surface-bound protein pS0 and an inhibitor, and
between the FRB domain (FK binding protein-rapamycin-
binding) and its protein binding partner.'® Since then,
aldehyde—amine chemistry has been extensively applied for
protein immobilization on different surfaces.”*1¥1% For
example, Gordus and co-workers used this methodology to
generate protein microarrays of SH2/PTB for mapping a
quantitative protein interaction network for the ErbB recep-
tors (Figure 4).""1 Aldehyde derivatization has also been
performed on SAMs on gold and has been successfully used
to prepare micropatterned cytophilic protein surfaces."*!
Another method to immobilize proteins through lysine
residues uses isothiocyanate-functionalized surfaces.”
Epoxy-modified surfaces have been pursued owing to their
stability at neutral pH values and under aqueous reaction
conditions and because of their reactivity. Presumably the
reaction with proteins occurs through a two-step mechanism,
that is, fast adsorption and subsequent intermolecular chem-
ical attachment. Some commercially available epoxy supports
promote satisfactory immobilization only at high ionic
strength, conditions that are not applicable to many pro-
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protein G, which in turn binds to the Fc
region of IgG.""2131 An anti-B-galactosidase
IgG nanoarray created in this way was
treated with labeled [(-galactosidase, and
the captured enzyme was detected on the array by fluores-
cence, thus demonstrating biological activity of both the
underlying IgG nanoarray and the captured target pro-
tein [152.153]

In another example, alkyl thiols in SAMs on gold were
selectively converted into weakly bound alkyl sulfonates
using a near-field scanning optical microscopy (NSOM)
technique.'** The sulfonates were then replaced by carboxy-
lated alkyl thiols activated with carbonyldiimidazole (CDI).
Subsequent incubation with protein samples was used, for
instance, to attach light-harvesting complex proteins, leading
to nanopatterns of less than 100 nm feature size.'™®!

3.1.2.2. Carboxy-Reactive Surfaces

Immobilization through carboxy groups may be an alter-
native to amine-based immobilization procedures, because
aspartic and glutamic acid usually constitute the major
fraction of surface groups on proteins. Thus, instead of
adsorbing proteins by multipoint noncovalent interactions
onto aminated slides, mild coupling methods can be used to
attain covalent immobilization using CDI to activate protein-
bound carboxylic acid groups.'”! This chemical strategy has
the disadvantage that it can induce rapid cross-linking of the
proteins, owing to reaction of the activated carboxylic ester
with the ubiquitous amine groups of lysine residues. For
example, site-specific patterning of fluorescent proteins onto
amine-functionalized regions created by plasma enhanced
chemical vapor deposition (PECVD) gave access to micro-
meter-sized squares.!'*!]
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Figure 4. a) SH2/PTB protein microarrays for mapping a quantitative
interaction network for the ErbB receptors: 159 SH2 and PTB domains
were spotted on an aldehyde-modified surface to produce microarrays
in wells of 96-well plates (spots visualized with 5% Cy5-labeled BSA,
which was added before spotting). b) Subsequent incubation with 66
5- and 6-carboxytetramethylrhodamine (5(6)-TAMRA)-labeled phospho-
peptides representing ErbB binding sites allowed for protein interac-
tion analysis, and the results were fitted to a binding model (represen-
tative images). c) The quantitative data obtained allowed for the
construction of quantitative protein interaction networks for the four
human ErbB receptors (EGFR, representative image)."*”) Reproduced
with permission from Nature.

3.1.2.3. Photoactive Surfaces

A major improvement of genomic analysis was facilitated
by Fodor et al., who adopted photolithography principles for
the spatially directed synthesis of oligonucleotides on chips
using photolabile protecting groups.'® This approach was
later used to produce high-density arrays of oligopep-
tides,"**1> but extension to the synthesis of complete
proteins appears virtually impossible. Nonetheless, research-
ers were challenged to generate protein chips using direct
photochemical attachment of proteins to solid supports.!'*]
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Figure 5. Generation of a functional antibody nanoarray using parallel
DPN: a) Nanometer-sized spot arrays of amine-reactive alkyl thiols are
created on Au with a 26-pen DPN array. The surrounding surface is
pacified with thiolated PEG molecules; subsequently, protein A/G was
passivated. Human anti-p-galactosidase 1gG was then captured by the
protein A/G nanospots, resulting in an 1gG nanoarray. b) Read-out
with Alexa-594-labeled (3-galactosidase.*?

Although photochemical immobilization methods are poten-
tially subject to a variety of limitations, such as reaction
conditions that possibly degrade or denature proteins, they
have two important advantages over printing and spotting
procedures: They provide fast access to protein chips without
the need for prior chemical modification of the proteins, and
they allow control over the shape of protein patterns with
high lateral resolution. Most photochemical reactions can be
carried out under mild conditions, independent of pH value
and temperature, and are initiated through irradiation at
A=350 nm, to which the majority of biomolecules are trans-
parent. After light activation, the reagents undergo distinct
chemical transformations that finally lead to the formation of
covalent bonds between the photogenerated intermediates
and the proteins.

Commonly used photoreagents, such as arylazides, di-
azirines, benzophenones, and nitrobenzyl groups (Table 3),
which are known from photoaffinity labeling!"® or photo-
caging, are attached to the chip surface. Arylazide is activated
by photolysis, resulting in a reactive nitrene, which can insert
into C—H bonds. Unfortunately, nitrene intermediates
undergo rapid intramolecular ring expansion reactions lead-
ing to highly electrophilic cyclic compounds, which show a
relatively slow insertion rate. The undesired ring expansion
reaction can be minimized using perfluorophenylazides
(PFPA), since the substitution with fluorine decreases the
rate of ring expansion reactions. Diazirines generate reactive
carbenes upon exposure to light. Carbenes react within
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Table 3: Overview of photoreactive groups and heterobifunctional linkers.

[161-171]

C. M. Niemeyer, H. Waldmann et al.

3.2. Uniformly Oriented Proteins

Photoreactive groups

Heterobifunctional linkers

3.2.1. Noncovalent Attachment

0
H Nspn Orienting the site of interest of an
arylazide "’W""”ONs | NWN CF, immobilized protein away from the chip
o o surface should facilitate interaction analysis,
R F especially in the case of large interaction
NeN N, o o] partners, such as other proteins. Strategies
diazirine < > (CFa HN—/W[(O\N adopted from established capture reagent/
FF © 4 fusion protein pairs, which were originally
developed for protein purification by
benzophenone (MeO)si” > sH column chromatography, have been

azidophenylalanine

disulfide

nitrobenzyl!

@D )
‘
Cys—S

P SO
H
N OMe

o
@D

adopted to immobilize fusion proteins
onto surface-bound affinity tags to uni-
formly orient proteins on a chip surface.
Many biologically active fusion proteins are
available, including popular fusion tags such
as glutathione S-transferase (GST),"? mal-
tose binding protein (MBP),'”! FLAG
peptide,'™  hexahistidine (Hisg),"”” and
dehalogenase.'”*'*1 The advantage over

[a] Photocleavable protecting group.
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microseconds with formation of covalent chemical bonds to
proteins, generating an irreversible link between the chip and
a protein. Sigrist and co-workers demonstrated the photo-
immobilization of alkaline phosphatase and antibodies, which
remained active after the photochemical attachment.*>1%l
Using NSOM to locally irradiate diazirin-modified silicon
surfaces allowed for the fabrication of 500 nm wide structures
of BSA, of which the activity could not be tested.'*!
Nitrobenzyl chemistry, often called caging chemistry, involves
the attachment of a labile chemical group that can be broken
down upon UV irradiation, thereby generating a ketone,
carbon dioxide, and a liberated reactive group. Benzophe-
nones are precursors to ketyl radicals, which easily react
under formation of covalent bonds, as demonstrated by
Fodor, Schultz, and co-workers in the immobilization of IgG
onto benzophenone-modified glass slides using photo-
masks.'®  Alternatively, heterobifunctional photolinkers
bearing one photoreactive group and one chemically reactive
group can be used. Such linkers can be immobilized on the
surface through irradiation and can then react with a protein
through a reactive group or vice versa.'®®1%1%l One such
example is the immobilization of horseradish peroxidase
(HRP) on films modified with perfluorotetradecanoic acids
with heterobifunctional cross-linkers containing an NHS
ester.'"®! Ligler and co-workers devised an experiment in
which thiol groups attached to glass surfaces were locally
oxidized to sulfonates, allowing for the immobilization of IgG
on the nonexposed areas.'’”! In another example, Petersen
and co-workers immobilized a variety of proteins into 1 um
spots using the photoinduced cleavage of disulfide bridges
upon UV illumination of adjacent aromatic amino acids,
which results in free thiols that readily react with thiol-
reactive surfaces."”!)
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physisorption or covalent chemistry lies in

the specificity and directionality of the

supramolecular interaction and the tunabil-
ity of the type and number of host—guest interactions. In
addition to homogeneous and oriented attachment, the
reversibility of immobilization can be very attractive from
an economical point of view, because chip and sensor surfaces
might be recyclable and suitable for repeated use.

3.2.1.1. Nickel Nitrilotriacetic Acid Surfaces

Using a tandem tagging approach, fusion proteins con-
taining both polyhistidine His, and GST tags can be purified
using a glutathione column with subsequent immobilization
onto a nickel nitrilotriacetate (Ni-NTA) chip. Although
laborious, seminal work by Snyder and co-workers has
shown the applicability of this approach by spotting 5800
yeast proteins fused to GST-His, at their N termini onto Ni-
NTA slides. The immobilized proteins were then screened for
their binding ability to other proteins and phospholipids.””!
From ten expected protein targets, only six were detected, but
the results led to identification of a common potential binding
motif of a set of protein interaction partners.”? These results
were not investigated further with respect to surface orienta-
tion of the proteins. Nevertheless, the superior signals
observed in the case of the Ni-NTA approach, as opposed
to results from randomly oriented protein immobilization on
aldehyde slides, were attributed to a more uniform protein
orientation.*’

Currently, recombinant proteins bearing an engineered
His, tag are produced by genetic engineering, thus enabling
immobilization of His¢-tagged fluorescent proteins, antibod-
ies, virus proteins, and growth factors on Ni-NTA chip
surfaces.'” %] NTA is a tetradentate ligand that forms a
hexagonal complex with different divalent metal ions (usually
Ni*"), leaving two binding positions available for binding to a
His, sequence (Figure 6). When His-tagged proteins are
immobilized on Ni-NTA SAMs, it is possible to reverse the
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Figure 6. a) Binding of a Hiss-tagged protein to a Ni-NTA-functional-
ized quartz surface. The protein binds through two of its histidine
residues.'" b) NTA-Lysine, typically used for preparing Ni-NTA surfa-
ces. ¢) A multivalent, bis-NTA-thiol showing improved binding capabil-
ities for Hise-tagged proteins over single NTA groups.'™

Bis-NTA-thiol (for Au SAM)

immobilization by the addition of ethylenediaminetetraace-
tate (EDTA) or imidazole, as is the case in conventional Ni-
NTA affinity chromatography.!'””!8:1%] NTA derivatives
(Figure 6) can be covalently bound through active esters
(N'-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC),
NHS) or maleimide derivatives to dextran surfaces or glass
slides, for example. NTA was installed on gold after reaction
of maleimide NTA with N-succinimidyl-S-acetylthiopropio-
nate or directly through thiolated NTA deriva-
tives. 171821871881 The NTA system does have a few drawbacks,
such as metal-dependent nonspecific protein adsorption to
the surface and the relatively low affinity of the His tag to the
Ni-NTA complex (K=10"m""), potentially leading to
unwanted dissociation of immobilized proteins. Improved
stability of the complex can be achieved by taking advantage
of the multivalency principle, which is based on the simulta-
neous interaction between multiple functionalities on one
entity and multiple complementary functionalities on another
entity."®] While an increase of the binding affinity of the Hisg
tag to NTA receptors by several orders of magnitude can be
achieved by increasing the surface density of NTA groups,
complex formation remains reversible, which has been

demonstrated in several model protein immobilization stud-
jeg [185.187.190.191]

Angew. Chem. Int. Ed. 2008, 47, 9618 — 9647

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

In a range of experiments, the Tampé group showed the
benefits of being able to control the orientation of immobi-
lized proteins. In the case of 20S proteasome carrying site-
specific His tags either at the a or the § subunits, immobiliza-
tion with Ni-NTA SAMs led to a preferred orientation
(Figure 7). In the case of immobilization at the o sub-
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Figure 7. a) aN-Hisg: Proteasome with a-subunit His tag (bound end-
on); BC-Hise: Proteasome with B-subunit His tag (bound side-on).

b) Topographic AFM image of lines of oriented aN-His-tagged protea-
some complexes immobilized by electron beam lithography by locally
generating amines on a nitro-functionalized SAM and subsequently
introducing NTA receptors, which bind to the aN-His tag. Below the
AFM image, a height profile across the line patterns is shown.'*"

c) AFM image of His-tagged DsRed fluorescent protein attached to a
chemical pattern made by nanoimprint lithography.?®

unit, it was possible to elucidate the surface-association step
of the protein degradation mechanism using surface plasmon
resonance and single-molecule cross-correlation spectrosco-
py.?! In another example, different conformations of the
ligand binding domain of estrogen receptor (ER), induced by
an agonist and an antagonist, were studied using conforma-
tion-specific peptides or proteins."” ! In the electrochemical
sensor setup of Gothelf and co-workers, the His¢-tagged ER
was immobilized onto Ni-NTA slides,'* while Mrksich and
co-workers employed GST-fused proteins immobilized onto
glutathione thiol SAMs, which were analyzed by mass
spectrometry.'”® Wegner et al. implemented NTA-function-
alized SAMs within microfluidic devices, through which
multiple His-tagged proteins were delivered to discrete
locations on the chip surface using parallel microchannels.'**!
Antibody-antigen binding interactions and sequence-specific
interaction of double-stranded DNA with TATA box binding
protein were monitored using SPR and fluorescence imaging.
The results indicated the retention of activity of the immo-
bilized fusion proteins."®! In a very recent example, Mrksich

www.angewandte.org

Chemie

9631


http://www.angewandte.org

Reviews

9632

and co-workers succeeded in immobilizing His,-tagged rho-
dopsin proteins onto SAMs (Scheme 6).'71 Mass spectrom-
etry was employed again to carry out a functional assay based

OH OH 0 His-tagged
o’r o] o’r rhodopsin-containing
nanoassembly
'y .

§ S S
sy

1. Light activation
2. Transducin

+GTP,S

VAANANNTSE RS

i

Scheme 6. Rhodopsin is immobilized on a self-assembled monolayer
through a His-tagged membrane scaffold protein. Upon activation of
rhodopsin with light, the receptor binds a transducin complex. GTPyS:
guanosine-5'-(thiotriphosphate) "

on the photoactivation of rhodopsin. Photoisomerization of
11-cis-retinal, a lysine-bound chromophore, leads to a con-
formational change that allows for binding of the transducin
protein complex."””) Moreover, interaction with nonhydro-
lyzable nucleotides blocks the interaction of transducin with
rhodopsin.['”)

Micropatterns of NTA receptors have been prepared
through microcontact printing of functionalized NTA mole-
cules.'”®! For example, Moller and co-workers printed
amine-functionalized NTA on non-adhesive branched PEG
films that contained amine-reactive isocyanate groups.!*”
Addition of Ni*" ions then led to the selective binding of
His-tagged EGFP from crude cell lysates to such NTA
patterns."”) Huskens and co-workers were able to attach His-
tagged DsRed onto 500 nm wide line patterns of NTA that
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were created by means of nanoimprint lithography
(Figure 7). By making use of the relative lability of NTA
SAMs on gold, Tinazli et al. demonstrated the local displace-
ment of a-Hisg proteasome by means of nanografting and
subsequent local refilling with other His-tagged proteins.*"!!
Although distinct domains of uniformly oriented proteins
were assembled at dimensions down to 50 nm, the fabrication
process is laborious. A potentially faster fabrication process
covering large areas was recently reported by Turchanin
et al.'™ Using electron-beam lithography, nitro-functional-
ized SAMs were locally reduced to amines, to which NTA
receptors were then attached.'™ Periodic protein lines of
100 nm width covering 1 mm? were obtained.'”¥ His-tagged
ubiquitin and thioredoxin were deposited onto nickel oxide
surfaces by DPN relying on the interaction between the nickel
surface and polyhistidine residues. The resulting regular
arrays with features as small as 80 nm were probed with
antibodies."

3.2.1.2. Biotin Surfaces

Another strategy adapted from affinity chromatography is
the specific binding of biotin to the proteins avidin or
streptavidin (SAv). SAv comprises four identical subunits,
each of which binds one biotin molecule. Owing to the high
binding affinity between streptavidin and biotin (K =10"-
10”m™"), the formation of this complex can be regarded as
nearly irreversible,”™! on a scale nearly comparable to a
covalent bond. Biotin—SAv bond formation is very rapid and
is not affected by pH value, temperature, organic solvents,
enzymatic proteolysis, or other denaturing agents. SAv is
usually preferred over avidin, as glycoamino acids occurring
on avidin can potentially cause unwanted nonspecific adsorp-
tion. This high-affinity biotin—-SAv binding system has found
many surface applications and has been reviewed recently.”*"

One design principle that is generally preferred for
fabricating SAv monolayers is a stacked composition biotin/
SAv/biotin instead of direct SAv immobilization, which
potentially yields a lower degree of organization. For
instance, the biotin layer directs the order in the SAv layer,
with two biotin-binding sites facing the surface-bound biotin
layer and the other two sites facing outward for capturing
biotinylated proteins. This order can be combined with good
control over the surface density of biotin groups in the SAMs,
for example using mixed SAM monolayers composed of two
thiol species, one of which is biotinylated and the other one
not.”™ The biotin/SAv design principle was originally dem-
onstrated in a notable contribution by Ringsdorf, Knoll, and
co-workers, who complexed biotinylated concanavilin A and
biotinylated antibody Fab fragments to biotin/SAv mono-
layers, thereby producing multilayers that present uniformly
oriented proteins (Scheme 7). Interaction of Fab frag-
ments with hormones suggested a potential application as
immunosensor.2%27)

Saavedra and co-workers analyzed the orientation of
biotinylated yeast cytochrome ¢ in multilayered biotin/SAv
surfaces using linear absorption dichroism and fluorescence
anisotropy and found it to be in agreement with calculations
and modeling.?””! Recently Holland-Nell and Beck-Sick-
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Dethiobiotin
surface

Biotin Au Streptavidin
Streptavidin layer
9 p g (two free binding sites)
o s e e
R e e o R -H
11 -
Au
K Protein chip (Fab) E)
Protein probe ' ‘ ' ‘ Biotin-Fab

(HCG)

Au

Scheme 7. Creating protein chips using the biotin/SAv/biotin template
approach: A SAM on Au displaying dethiobiotin is incubated with SAv,
creating a SAv surface with two free biotin binding sites per SAv
molecule. Incubation with a biotinylated target protein (here an anti-
body fragment, biotinylated anti-HCG Fab) results in the final protein
chip, which was then used to detect a protein probe, human chorionic
gonadotropin (HCG).”%

inger immobilized a biotinylated reductase onto a biotin/SAv
chip and showed convincingly the dramatic increase in
activity of the uniformly oriented reductase
compared to the randomly immobilized
enzyme.'"¥ In another biosensor setup,
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Figure 8. Lactamase chip setup used by Knoll and co-workers: Biotin-
ylated B-lactamase was immobilized through a biotin-NeutrAvidin-
biotin sandwich on a SAM created on a Cr/Au surface. The chip was
then used to monitor enzymatic activity of the immobilized enzyme by
SPR.IZ]O}

When the surface is exposed to a solution of a target protein
labeled with biotin/SAv, the protein is immobilized on the
activated sites through SAv linkage.'**214I To this end, the
nitrogen atom of the imidazolidinone ring of biotin is acylated
with a nitroveratryloxycarbonyl (NVoc) group (Table 4).
Similarly, when all amine groups in SAMs are initially
masked with methyl-6-nitroveratryloxycarbonyl (MeNVoc)
groups, local release by photolysis allows for the incorpora-
tion of biotin (Scheme 8).*'>2'%1 Alternatively, biotin can be
locally installed on a surface by photoconversion of the
headgroups of linkers attached to the surface. For example,

Table 4: Examples for biotin derivatives employed in light-directed protein immobilization.?>?'l

Knoll, Textor, and co-workers monitored  Name

Use Structure

an enzymatic model reaction catalyzed by
[B-lactamase that was immobilized on gold in
situ using the biotin assembly approach
(Figure 8).'% Moller and co-workers imple-
mented the biotin/SAv template in their
designed resistant poly(ethylene oxide)
(PEO) surfaces to study the folding of
RNase.””! Application of the biotin/SAv
concept to microfabricated channels to
immobilize biotinylated kinesin enabled
the study of three-dimensional tubilin trans-
port,”'l whereas different biotinylated pro-
tein A/G were immobilized in parallel chan-
nels for use in sensor applications.*'”

With the motivation to create protein
patterns instead of protein spot arrays using
the biotin/SAv approach, one of the early
goals was the local activation of initially
deactivated biotin surfaces to obtain pat-
terns of biotin available for binding. In a
photochemistry  approach, deactivated
biotin contains a photolabile protecting
group that can be selectively activated by
photoirradiation through a photomask.

NVoc-Biotin

photobiotin

hydroquinone-
caged biotin

ARP

olefin-modi-
fied biotin

photocleavable protecting
1209]
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Immobilized biotin

Scheme 8. Indirect biotin immobilization using a photocleavable protecting group.

acetals can photochemically be converted into aldehyde
groups that can then be treated with hydrazide-functionalized
biotin.??' Exposure to light through a mask yields micro-
meter-scale patterns, while exposure to the evanescent field
associated with a NSOM even allows for constructing nano-
patterns.

Jonkheijm etal. employed the thiol-ene reaction to
pattern proteins onto a surface using the biotin/SAv approach
(Figure 9).") A thiol-modified surface was coated with an
olefin-modified biotin derivative and then exposed to UV
light at 365 nm, leading to thioether formation and creation of
biotin patterns. Incubation with Cy5-labeled streptavidin
yielded highly homogeneous protein line patterns over
centimeter-wide areas. Using an SAv sandwich approach,
alkaline phosphatase and Ras GTPase were immobilized on
such patterns, which retained their enzymatic activity and
underwent protein—protein interactions qualitatively identi-
cal to the behavior in solution (Figure 9)."!

Another method for the activation of a caged biotin
surface is based on local electrochemical perturbation and has
been recently described by Kim et al.’™ In this case, a
hydroquinone protecting group, which can be electrochemi-
cally oxidized and then hydrolyzed, was attached to the
nitrogen atom of the imidazole ring of biotin (Table 4). A
novel electrochemical lithography technique was used to
create patterns of biotin by local, heat-assisted release of
surface protecting groups.’””! Other approaches made use of
soft or probe lithography, either for direct local delivery of
biotin or for creating suitable reactive patches that subse-
quently react with biotin derivatives.?#19:2202%] The dimen-
sions of the fabricated SAv patterns range from micrometers
to a few tens of nanometers; some of these patterns have been
used for the immobilization of fluorescent proteins and
antibodies.

Alternatively, the bottom-up self-assembly of periodic
DNA nanostructures has recently been used to create
templates for programmable self-assembly of SAv and anti-
body arrays with controlled architectures and with feature
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sizes as small as 20 nm.*'?? Although these methods
provide control on the nanometer length scale, so far only
relatively small areas have been covered.”'

a) 9

HN)LNH
s

W
. (0]
SH + N \/a\o .

0

e
L oA

_ =
365nm

Ras:GppNHp

Ras:GDP

Ras:GppNHp

Figure 9. The thiol-ene reaction for protein patterning: a) Line pat-
terns of biotin were created by exposing a thiol-modified surface
coated with an olefin-functionalized biotin derivative to UV light at
365 nm through a photomask. b) Biotinylated alkaline phosphatase
was then immobilized through a SAv sandwich and detected with
fluorescently labeled antibodies. c) Inactive GDP-bound Ras and active
GppNHp-bound Ras were immobilized by the same approach and
incubated with the Ras-binding domain (RBD) of Raf conjugated to
YFP. Only binding to active Ras:GppNHp was detected by fluores-
cence. d) Incubation with a Cy3-labeled anti-Ras antibody after incuba-
tion with RBD:YFP showed presence of both Ras forms (GDP:
guanosine-5'-diphosphate; GppNHp: guanosine-5'-[(,y)-imido]triphos-
phate, a nonhydrolyzable GTP analogue).”"
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Synthetic ligand-receptor pairs
with high affinity constants have
recently been developed as alter-
native building blocks for the step-
wise fabrication of protein arrays.
To this end, cucurbit[7]uril-func-
tionalized SAMs were used to
capture ferrocenylated glucose ox-
idase, whereas the adamantyl-
cyclodextrin interaction was used
for the immobilization of cyto-
chrome ¢ and SAv.?>3%7.23]

Historically, biotinylation of
proteins has been carried out by
standard bioconjugation tech-
niques using chemically activated
biotin derivatives (Table 5). To
avoid random biotinylation and
subsequent inactivation of pro-
teins, site-specific labeling of pro-
teins using biotin ligase strat-
egies®™ ) or tag-free intein-
based methods have been devel-
oped.**! The latter method was
recently reported by Yao and co-

Angewandte

Table 5: Typical reagents used for protein biotinylation.*!

Name Use Structure

8

o aN
biotin NHS  amine-reactive
N-O S
fe) (6]
8

NH
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. carbohydrate-reactive H
hydrazide N
H,N” S
O
(@]
HN)kNH
pentylamine carboxylic acid reactive, Pierce—
biotin used with coupling reagent EDC HZN\/\/\/H S
o
(0]
)kNH

biotin thiol-reactive, Pierce
BMCC '

O HN
4 0 H
NWNWN s
o H

(¢]

workers and relies on the chemoselective reaction between
cysteine biotin and a reactive thioester group at the C termi-
nus of a protein generated by intein-mediated expressed
protein ligation (EPL, Scheme 9).**! The advantage of this
self-processing method is the reduction of potential pertur-
bations that may arise when using some common large
protein affinity tags. In an illustrative example, three model

OQ

proteins (MBP, a fluorescent protein, and GST) were
expressed in vivo, and after ligation with biotin in the crude
lysate using this methodology they were spotted onto SAv
slides.?* The array was probed with the respective antibodies
and demonstrated binding specificity and the retention of
conformation and activity of the immobilized proteins.?*!

v

Transformation Q Expression
with and bacterial
protein-intein-tag-CBD cell lysis
vector O

HN" "NH

N

=0
Z,_e:o

Cleavage and

(o] fH
> N Intein ta

Affinity resin
(chitin beads)

N-S acyl shift

biotinylation
Spontaneous
rearrange ment

0
HN)LNH
H 2 H
S Be : .
o s,:' o Spot onto § ; § §
streptavidin
slide

Scheme 9. Biotin is introduced into a protein expressed with an intein tag by expressed protein ligation (CBD: chitin binding domain).

Subsequently, the protein can be immobilized on SAv-functionalized surfaces.!
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3.2.1.3. Immunoresponsive Surfaces

Taking advantage of nature’s own protein capturing
agents (e.g. antibodies) and antibody-binding proteins (e.g.
protein A and protein G), microarrays have been generated
by printing an array of monoclonal or polyclonal antibodies,
antibody fragments, or synthetic polypeptide ligands.?*2*l
However, a large number of antibodies must be identified
prior to array fabrication. Furthermore, because antibodies
are generally glycosylated and have large surface areas for
interaction, they show significant cross-reactivity between
target proteins. This lack of specificity can potentially lead to
large numbers of false positives and negatives. While conven-
tional antibody microarrays contain randomly oriented anti-
bodies on the surface, control over orientation can be
achieved by using, for example, protein A, an available
natural IgG binding protein. Binding to protein A relies on
the specific interaction with the Fc region of IgGs. Making use
of this immobilization method ensures that the binding site of
the antibody, located on the Fab variable region, remains well
accessible for binding to antigens. Detailed reviews on
oriented immobilization of antibodies and the application of
such chips for immunoassays have been published else-
where.?* 2% Nonetheless, current research is focused on
further increasing control over the orientation of protein A
attachment, which obviously influences the antibody orienta-
tion. To this end, several approaches have been
reported;®3 for example, a chemoselective method of
His, tagging protein A, which was then immobilized on NTA-
modified surfaces.*

3.2.1.4. DNA-Modified Surfaces

Several attempts have been made in recent years to
convert DNA microarrays into protein chips, taking advant-
age of the enormous specificity of Watson—Crick base pairing
of two complementary single-stranded nucleic acids.!'>1%%!
Oligonucleotide-directed immobilization provides exception-
ally high stability and unique site selectivity and relies on
well-established DNA chip production technology,*"*! but
illustrative examples are complicated by the demanding task
of incorporating oligonucleotides into large proteins. To this
end, syntheses were devised that couple thiopyridyl- or
maleimido-modified oligonucleotides to cysteine residues of
proteins, succinimide-modified oligonucleotides to lysine
residues of proteins, or aldehyde-modified oligonucleotides
to hydrazine-modified antibodies.'>**>2%! Semisynthetic con-
jugates of nucleic acids and proteins were site-specifically
immobilized on DNA microarrays by Niemeyer and co-
workers to yield bioactive protein chips for antibody-based
immunodiagnostics.?%%27]

In a recent application of this concept, Heath and co-
workers assembled hydrazone-linked DNA-antibody con-
structs on a DNA microarray.?® With this chip, the simulta-
neous detection of a DNA sequence, a protein, and cells was
accomplished on the same microarray slide.”*! However,
looking towards more challenging targets, such as monitoring
protein—protein interactions, it is mandatory to attach oligo-
nucleotide tags to the protein regioselectively to control
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stoichiometry and orientation of the immobilized hybrid
probes. To this end, the site-specific labeling of proteins with
DNA oligonucleotides and peptide nucleic acid (PNA)
strands was developed.”?’") In these reports, cysteine-
derivatized oligonucleotides were used in expressed protein
ligation to attach DNA and PNA sequences to the C terminus
of recombinant proteins.?**?™ Becker et al. recently applied
this procedure to produce DNA—protein conjugates that were
immobilized on standard DNA microarrays on silicon wafers
to capture Ras proteins from crude cell lysates (Figure 10).27
Chip-immobilized Ras-binding-domain (RBD)-DNA con-
structs were used to selectively detect active GTP-bound Ras
protein using fluorescence imaging and MALDI mass spec-
trometry, thereby demonstrating the retention of biological
activity of the immobilized constructs.””’

a) \\
\ g
Chemical Blocking

RBD-DNA incubation [@

B

Ras incubation l %
“VJ&;?\ Y N\ W\

Matrix application l

‘G}\ 7 @ f J"i;a’% o
°‘WR \ &\‘ ‘Qr‘“\)f\

MALDI measurement I

b) 1000 ¢) 400
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00 18862 Da
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Figure 10. a) An Ras-binding-domain—-DNA (RBD-DNA) conjugate was
immobilized by DNA-directed immobilization using a surface display-
ing a complementary single DNA strand. After incubation with active
(GppNHp-bound) Ras and MALDI matrix application, captured Ras
can be detected by MALDI. b) MALDI background of RBD-DNA chip.
c) MALDI of RBD-DNA chip with captured Ras).?”!
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A further case in point is the combination of multiple
orthogonal DNA assembly processes with the stable biotin/
SAv template, which avoids laborious DNA labeling of
proteins.?#23276271  In several studies, reviewed else-
where, %2281 Niemeyer and co-workers employed the com-
plexation of biotinylated proteins with SAv—DNA to form
protein—oligonucleotide preconjugates (Figure 11). These

Covalent
oligonucleotide-SAv
conjugate Preconjugate
Biotinylated
antibody
Biotinylated

oligonucleotide

’ P

Surface with immobilized
SAv

Figure 11. Creating multiple protein arrays through DNA-directed
immobilization using the biotin—SAv interaction: Biotinylated proteins
are preconjugated to a set of SAv—-DNA conjugates (UA to UC), thus
“coding” them. Incubation with an array of complementary single-
strand DNA (A" to C') leads to the directed immobilization of each
protein.®?

preconjugates were then immobilized onto a surface display-
ing complementary oligonucleotides. In this way
FMN:NADHH oxidoreductase, luciferase, antibodies, and
horseradish peroxidase (HRP) were immobi-
lized.[243’255’276'279‘282]

LaBaer and co-workers developed a method to accelerate
the high-throughput screening of protein arrays. To this end,
they immobilized biotinylated expression plasmid DNA,
which encoded target proteins with C-terminal GST tags,
together with an anti-GST antibody.”®*) A protein microarray
was obtained after in vitro translation of the proteins and
their immobilization by the antibodies. After initial validation
of their approach, the detection of protein—protein interac-
tions was demonstrated for the human DNA replication
complex.”®¥ This method was also used by others.?%-2%¢]

3.2.2. Covalent Attachment

Chemical attachment through side chains of amino acids is
often random, because it is based on residues typically present
more than once on the exterior of proteins. Therefore,
attachment may occur simultaneously through several resi-
dues, potentially creating heterogeneity in the population of
immobilized proteins.?!! Most methods used for chemoselec-
tive immobilization of proteins are based on ligation methods
originally developed for the synthesis, semisynthesis, and
selective derivatization of proteins by chemical means.[*"2%l
All these methods involve the derivatization of a protein with
a unique chemical group at a defined position that can later
react chemoselectively with a complementary group on a
solid support.
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3.2.2.1. Thiol-Reactive Surfaces

In some cases oriented protein immobilization can be
achieved if the protein possesses a single, accessible, reactive
amino acid. Cysteine (Cys) is the only naturally occurring
amino acid containing a thiol group in its side chain, and its
relative abundance in proteins is small (less than 1% ). Thiols
have a pK, of around 8.5 and are sufficiently nucleophilic at
pH 7 to react selectively with chemical functionalities such as
a-haloacetyl- and maleimide-modified surfaces (Section 2.4),
forming a stable thioether bond.’*?*2! Reactive Cys
residues used for coupling and immobilization must not be
involved in any structural element, but they should be
exposed in a solvent-accessible region of the protein. Cys
residues can be introduced to a protein through site-specific
mutation of, for example, Ser or Ala residues, preferably in a
remote solvent-accessible part of the protein. Gaub and co-
workers genetically modified a lipase from Candida antarctica
to carry an accessible C-terminal cysteine residue, which was
then shown to selectively immobilize on a maleimide-
functionalized surface in the presence of another free cysteine
on the protein itself™ An alternative was shown by
attaching an oligo-Cys tag to the protein, providing higher
reactivity (Scheme 10).”*"! Genetically modified cow pea
mosaic viruses with unique cysteine residues at specific
locations on their capsomers were assembled on a maleimide
surface in patterns of 30 to 50 nm width using probe
lithography.”>* Morpurgo etal. showed the selective
attachment of cysteine-modified ribonuclease (RNase) to
vinyl sulfone surfaces by a conjugate addition reaction.?”!

3.2.2.2. Native Chemical Ligation to Surfaces

One of the most efficient ways to chemospecifically
immobilize proteins is through native chemical ligation
(NCL). For example, Camarero et al. produced two fluores-
cent proteins with C-terminal thioesters that were immobi-
lized onto N-terminal Cys-modified glass slides and detected
through their native fluorescence.” As a control, a solution
of unmodified protein was spotted. The results showed that
specific peptide ligation was responsible for the immobiliza-
tion.!”*! In another report by Yao and co-workers, N-terminal
cysteine-containing fluorescent proteins were generated using
intein-mediated protein splicing and spotted onto thioester-
modified slides. Successful immobilization was confirmed by
incubation with a specific antibody and by the native protein
fluorescence.””! A recent report from Meijer and co-workers
monitored the immobilization of a thioester-modified fluo-
rescent protein onto a thiazolidine-capped surface with SPR
(Scheme 11).%

Camarero and co-workers proposed a traceless ligand
strategy using protein trans-splicing (Scheme 12). In this case,
the intein domain is split into two fragments (N-intein and C-
intein).”! The C-intein fragment is covalently immobilized
on a glass surface, while the N-intein fragment is fused to the
C terminus of a protein that is to be attached to the surface.
When the two intein fragments interact, they form an active
intein domain that binds the protein to the surface while
releasing the split intein into the solution. The naturally split

www.angewandte.org

Chemie

9637


http://www.angewandte.org

ReVieWS C. M. Niemeyer, H. Waldmann et al.

9638

ooﬂo

+ c-c-c-c-c-. -

o Immobilization
Cys-tagged
o»g target protein
[¢] ‘ o
Maleimide-functionalized ¢ = * f\ﬁl Protein chip
surface SH

Scheme 10. Protein immobilization by cysteine residues and the oligocysteine tag: A target protein (EGFP) is functionalized with an oligocysteine
tag in a solvent-accessible position. Spotting onto a maleimide-functionalized surface leads to protein immobilization at any cysteine residue of
the oligocysteine tag as well as, less probably, at internal cysteine residues of the protein (as a side reaction).*°
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Scheme 12. Protein immobilization through split-intein-mediated pro-
tein trans-splicing. Interaction of an immobilized C-intein fragment
with an N-intein fragment fused to a target protein leads to formation
of a functional intein with subsequent self-splicing and protein
immobilization.?*?
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28000 and fluorescent proteins were immobilized, and their (immu-
P sample . e g
no)analysis showed no significant loss of fluorescence, thus
T T T T T T T : : : s [299]
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ts—> Control experiments

with proteins lacking
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Scheme 11. Protein immobilization using native chemical ligation: a) A fluorescent protein (green fluorescent

protein, GFP) expressed as thioester is incubated with an SPR chip surface displaying cysteine. Cysteine attacks the the intein  fusion
thioester, leading to immobilization of the protein. b) SPR trace showing protein immobilization occurring during showed no protein
injection of the protein thioester. c) SPR trace showing capture of the immobilized GFP by an anti-GFP antibody.”*® attachment.
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3.2.2.3. Enzymatically Reactive Capture Surfaces

Inspired by the use of reactive ligands to capture proteins
in solution and by the use of small-molecule microar-
rays,?®3%-3%21 Hodneland et al. recognized the possibility to
selectively immobilize proteins on surfaces with total control
over their orientation.l®! They used the protein calmodulin
fused to the enzyme cutinase as a capture protein
(Scheme 13).° Cutinase is a serine esterase that forms a

- Frlll,,Eng:cutinase

with catalytic
serine

“OH _\

NO,

—“niigjj ’“biio
///)//// L

tri(ethylene glycol) alkyl

Fnlll,,Eng:cutinase
SAM on Au

Scheme 13. Enzyme-directed protein immobilization approach using
cutinase fused to a target protein (here the tenth domain of fibronectin
I11): A monolayer displays phosphonate groups that react irreversibly
with a serine residue in the cutinase active site, thus immobilizing the
cutinase fusion protein.®®

site-specific covalent adduct with phosphonate ligands. When
a phosphonate binds to the active site of the enzyme, the
hydroxy group of the catalytic serine residue reacts to yield a
stable covalent adduct that is resistant to hydrolysis. How-
ever, the strategy is presumably not applicable when a variety
of hydrolytic enzymes are present. When the cutinase-binding
inhibitor was incorporated into SAMs on gold, the immobi-
lization of cutinase from cell lysate could be monitored with
SPR spectroscopy.®l This approach was also used by the same
group to array cutinase-fused antibodies.”*!

A different example reported by Johnsson and co-workers
makes use of chemoenzymatic site-specific immobilization of
proteins using a mutant O6-alkylguanine-DNA alkyltransfer-
ase (hAGT; Scheme 14). This modified enzyme can efficiently

hAGT ~w~, S@

hAGT

Immobilization

J
”Ii%;@\((o\/)‘o
¢ ML 3
ﬁ N” "NH, lﬁ

O, NH
4

Surface

~Guanine OINH

Surface

Scheme 14. Protein immobilization using a mutant O6-alkylguanine-
DNA alkyltransferase (hAGT) fusion protein: When presented with a
surface displaying O6-benzylguanine derivatives, hAGT transfers the
substituted benzyl moiety to itself, thus immobilizing the hAGT fusion
protein,B04-3%¢l
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transfer a benzyl group to itself when presented with O6-
benzylguanine (BG) derivatives.”**! The mutant enzyme is
tolerant to bulky substituents at the benzyl group, thus
allowing for coupling to solid supports. The concept for
immobilization was demonstrated with AGT-fused GST, and
subsequent anti-GST binding was investigated with SPRP
and atomic force microscopy.”®! Other groups have reported
the immobilization of alkaline phosphatase using microbial
transglutaminase,” of a variety of proteins using sortase,**!
and of fluorescent proteins with the surface-binding domain
(SBD) of poly(hydroxyalkanoate) (PHA) depolymerase.**!

3.2.2.4. Immobilization by Staudinger Ligation

The Staudinger ligation requires an azide group and a
phosphine-containing ester or thioester. The mechanism
involves the formation of an iminophosphorane intermediate
and subsequent nucleophilic attack of the iminophosphorane
nitrogen atom on the thioester via a five-membered ring
leading to an aminophosphonium salt. Subsequent hydrolysis
yields an amide bond. The Staudinger ligation proceeds under
mild conditions, in aqueous solution, almost quantitatively,
and without noticeable formation of any side-chain products.
The first application of the Staudinger ligation to couple
proteins to a solid support was proposed by Raines and co-
workers, although in this first study the immobilization was
indirect.’'”! An azide-modified peptide fragment of a trun-
cated RNAse, RNAse S’, was immobilized on a surface
modified with phosphinothioester groups.’'” Subsequent
incubation with the corresponding protein fragment led to
reconstitution of active RNase S’ through complex forma-
tion.’" In a recent follow-up study, the azide-modified
ribonuclease A protein was chosen as a model for direct
immobilization by the Staudinger ligation and was also
spotted onto a phosphinothioester-modified surface
(Scheme 15).P" Control experiments indicated that binding
occurs only by the Staudinger ligation. Furthermore, the
catalytic activity and the ability to bind a natural protein
ligand of the immobilized enzyme was demonstrated.*!!!

Waldmann and co-workers demonstrated the direct
immobilization of azide-modified N-Ras protein through
the Staudinger ligation onto phosphane-modified surfaces
(Figure 12).7233 The proteins were spotted at pH 7.4-7.6,
and clear, reproducible fluorescent signals were recorded
after an immobilization time of 4 h with a minimum protein
concentration of 50 um. The immobilization reaction implies
chemoselectivity of the method. The retention of protein
activity was demonstrated with an anti-Ras antibody recog-
nizing a helix belonging to the active site of the protein.'>"%!
The azide function, however, is not present in any naturally
occurring protein, but Bertozzi and co-workers have reported
a novel method for the incorporation of azide groups into
recombinant proteins.*'4!

3.2.2.5. Immobilization by Cycloaddition Reactions
Another powerful chemical strategy that makes use of the
availability of azide-functionalized proteins is the Huisgen

1,3-dipolar cycloaddition of an azide and an alkyne to form a
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Scheme 15. Top: Mechanism of the Staudinger ligation. Bottom: Azide-
modified RNAse A is immobilized onto phosphine-modified slides by
Staudinger ligation (DIEA=diisopropylethylamine). Fluorescently
labeled antibody read-out of RNAse A spots shows increasing immobi-
lization over time, while wild-type RNase A shows no immobilization
in the timeframe depicted.?'" Reproduced with permission from ACS.

1,2,3-triazole, also popularized as “click” chemistry. A
potential disadvantage could be the required use of a
copper(I) catalyst in the case of sensitive proteins. However,
Bertozzi and co-workers recently published a copper-free
variant of this reaction, but it has not yet been applied for
protein immobilization.P"!

Distefano and co-workers performed the immobilization
of azide-modified farnesyl transferase onto alkyne-deriva-
tized solid supports in an overnight cycloaddition reaction at
room temperature.”'® The chemical procedure can also be
applied to azide-terminated chip surfaces for reaction with
alkyne-modified fluorescent proteins. Lin and co-workers
prepared alkyne- and azide-functionalized fluorescent pro-
teins that were attached to slides modified with azide groups
or alkynes, respectively (Figure 13). They showed that native
proteins were not immobilized, as indicated by the absence of
fluorescence. In their hands, the oriented immobilization of
MBP led to increased binding activity compared to random
immobilization.!"”!

Very recently Waldmann etal. employed the “click
sulfonamide reaction” (CSR) between sulfonyl azides and
terminal alkynes to immobilize biotin, carbohydrates, phos-
phopeptides, and proteins. In the most prominent example, a
terminally alkyne-modified Ras-binding domain (RBD) of
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Figure 12. a) Azide-modified N-Ras was spotted onto phosphane-modi-
fied glass slides, where it was immobilized through the Staudinger
ligation. b) Read-out with a Cy5-labeled antibody after 4 h showed
successful immobilization of azide-modified N-Ras at concentrations
of 100 mm and 200 mm (lanes 2 and 4) and close to no binding of
wild-type N-Ras (lanes 1 and 3).B'4

cRafl was immobilized on a sulfonyl azide modified surface

and consecutively incubated with either active GppNHp-

bound Ras or inactive GDP-bound Ras and a fluorescently

labeled antibody. Only binding of Ras:GppNHp to the RBD
-

'N—N
—— g
azide surface EREE (native) é
I o) [EGFB—N, ZN-
N=N
alkyne surface d) EGFP (native)

Figure 13. Immobilization of EGFP by click chemistry: In the presence
of copper(l), alkyne- or azide-functionalized EGFP is spotted onto an
azide- or alkyne-functionalized surface, respectively, to produce EGFP
microarrays. Native EGFP was also spotted as a negative control. After
12 h at room temperature, fluorescence read-out shows functionalized
protein on the surface."'”

Ny a)
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of cRafl was detected, demonstrating retention of biological
activity of the RBD after immobilization by the CSR
(Figure 14).5"7

a) [en et
e F
(€8n(

o ME;
o

HS. -
H

Mative HZNJ\‘(N\)Lﬁ/\:\\

chemical 9

ligation

o SH
Lk
RBD u T " ﬁ/\;-\-.

RBD Ras:GppNHp

or Ras:GDP Ras-antibody

23 45 2 3 45

Figure 14. Immobilization of the cRaf1-RBD by the “click sulfonamide
reaction” (CSR): a) RBD is terminally alkyne-functionalized by EPL
(MESNA = sodium 2-mercaptoethanesulfonate). b) Two sets of spots
of alkyne-RBD on a sulfonylazide-modified surface were incubated
with active, GppNHp-bound Ras or inactive GDP-bound Ras followed
by a fluorescently labeled anti-Ras antibody. c),d) Fluorescence images
show only binding of active Ras:GppNHp (c) and not Ras:GDP (d)
(1-5: 50, 25, 12.5, 6.2, 3.1 mm alkyne—RBD on sulfonylazide sur-

face) B!

The Diels—Alder cycloaddition reaction usually takes
place between an electronically matched dienophile and a
conjugate diene to form an unsaturated six-membered ring.
The Diels—Alder cycloaddition was applied for peptide
immobilization by Mrksich and co-workers.”'**?! Since the
Diels—Alder reaction can proceed in water at room temper-
ature with a higher rate and selectivity than in organic
solvents, the possibility to use it for efficient protein
immobilization was recently explored by Waldmann and co-
workers (Figure 15).”!! SAv was chosen as a model protein
and was first ligated to a cyclopentadiene derivative. Diene-
modified SAv and an unmodified control protein were
dissolved in pH 6 doubly distilled water and spotted onto a
maleimide slide. The slide was then treated with labeled
biotin, and the immobilization of SAv was demonstrated
using fluorescence. No signal was recorded for the negative
control, indicating that immobilization was due to the Diels—
Alder reaction.”?"! Sun et al. described a method to combine
the Huisgen 1,3-dipolar cycloaddition with a Diels—Alder
reaction.”??! Maleimide-derivatized glass slides were prepared
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Figure 15. Protein immobilization through the Diels—Alder cylcoaddi-
tion: a) Diene-modified streptavidin (lane 2 in (b) and (c)) and wild-
type SAv (as a negative control, lane 1 in (b) and (c)) were spotted
onto maleimide glass slides b) without blocking; c) blocking with 5%
2-mercaptoethanol. After 8 h at room temperature the slides were
analyzed with Cy5-labeled biotin.?!

and coupled through a Diels—Alder reaction to the diene
terminus of a bifunctional PEG linker carrying an alkyne
group at the opposite side. A diverse series of biomolecules,
including biotin, lactose, and a recombinant thrombomodulin,
have been stably immobilized without formation of byprod-
ucts.’”l The Diels—Alder reaction has also been used for the
selective immobilization of SAv to electroactive SAMs on
gold, thereby potentially providing an exciting range of
tailored surfaces.*'”)

3.2.2.6. Other Examples

In a new approach, Corgier et al. demonstrated the use of
electrochemistry to site-specifically immobilize proteins and
other biomolecules on surfaces.’”) They introduced aniline
functionalities to oligonucleotides, antibodies, and horserad-
ish peroxidase. After oxidation of the aniline moieties to aryl
diazonium groups, they could be covalently bound to a
graphite electrode in a spatially controlled electrodeposition.
All biomolecules were shown to be active in follow-up assays,
and work is currently underway to employ the technique for
biochip fabrication.*

Another approach by Zhang et al. employs the non-
natural amino acid azidophenylalanine for photopattern-
ing. The authors constructed an artificial polypeptide
scaffold expressed in E. coli comprising an azidophenylala-
nine-containing elastin mimic domain and one domain of a
heterodimeric leucine zipper pair, which was site-specifically
immobilized on an alkyl-functionalized surface by exposure
to UV light at 254 nm, leading to cross-linking of the arylazide
group with the surface.”?"! Subsequent incubation with fusion
proteins (GFP and GST) carrying the second partner of the
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leucine zipper pair led to noncovalent immobilization of the
target proteins owing to a zipper pair affinity of 1072 M.

4. Conclusions and Outlook

New chemical methods offer attractive opportunities and
technologies for generating protein biochips. As summarized
in this Review, it is possible to chemically attach proteins to
solid supports in a chemo- and regioselective manner, thereby
enabling control over protein orientation on the surface and
minimizing problems that result from random protein ori-
entation, for example, insufficient accessibility of active sites.
Furthermore, appropriate chemical methods allow for control
of shape and lateral dimensions of protein patterns on chip
surfaces.

These tailor-made chemical strategies are likely to have a
major impact on the properties of protein chips, for example
in the analysis of protein—protein interactions. The combina-
tion of chemo- and regioselective immobilization and the
ability to control geometry and dimensions of protein
patterns will give rise to new opportunities in proteomics
science. Moreover, significant contributions to biomaterial
sciences can be foreseen, but there are still a number of goals
that must be achieved. On the one hand, chemical immobi-
lization methods must be further optimized to allow simple
immobilization of a large variety of different proteins in a
highly controlled fashion. Ideally, this should be attainable in
one step and without prior purification after expression. On
the other hand, realization of reduced patterning sizes down
to the nanometer range applied to hundreds and thousands of
different proteins by means of a fast and robust process
remains an unsolved challenge.

The recent progress of nanotechnological meth-
ods?*32>32%1 promises to provide solutions to these problems,
as elegantly shown by Delamarche and co-workers, who used
a nanoprinting technique to deliver antibodies to surfaces.*?”!
Another appealing example was reported recently by Gaub
and co-workers, who described a DNA surface assembly
protocol to prepare extraordinarily precise nanoscale patterns
of biomolecules.!"”

Ongoing progress in synthetic methodologies brings
completely new opportunities for immobilizing proteins to
the fore.”'333 Insertion of the non-natural amino acid
azidophenylalanine into proteins, for instance, allows the
protein to be covalent linked to modified glass slides by UV
cross-linking.**!  Another elegant method is the recent
photopatterning of biomolecules using the thiol-ene reaction,
which allows for the one-step chemoselective attachment of
functional biomolecules, such as phosphopeptides.”*"!

From a chemical point of view, it is necessary to join the
disciplines of organic chemistry, biochemistry, materials
chemistry, and physics. This combination will allow for
chemical efficiency and selectivity to be applied to semi-
synthetic proteins and other biomolecules to fabricate high-
quality protein biochips with high efficiency. The establish-
ment of high-throughput screening proteomics facilities and
the recent progress in obtaining full control over nanofabri-
cation indicates that a next generation of functional protein
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chips possessing unique architectures through molecular
design will be available for use as biochips and devices in
the near future.
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