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(57) ABSTRACT

Methods and reagents for site-selective functionalization of
peptides and proteins. The methods most generally involve
the reaction of a thioester with hydrazine. Reagents include
bifunctional reagents of formula:

H,N—NH—CH,-M-L-FG

and salts thereof where M is a single bond or a chemical group
carrying a non-bonding electron pair, such as —C(O)NR'—,
where R'is H, or an alkyl or aryl group; L. is an optional linker
group as described above; and FG is a functional group hav-
ing reactivity that is orthongonal to that of the hydrazine
group. FG can, among others, be an azide, alkenyl, alkynyl,
nitrile (—CN) or triazole group and is preferably an azide
group (—N;). Methods and reagents can, for example, be
combined with intein-mediated protein splicing to link pro-
teins or fragments thereof to various chemical species or to a
surface. Surface immobilization of proteins via the methods
herein results in immobilized proteins which substantially
retain biological activity and is thus useful for the generation
of peptide or protein microarrays. Kits for functionalization
and/or immobilization of peptides and proteins are provided
as well as microarrays of peptides, proteins or both.
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1
REAGENTS AND METHODS FOR
APPENDING FUNCTIONAL GROUPS TO
PROTEINS

STATEMENT REGARDING GOVERNMENT
SUPPORT

This invention was made with United States government
support awarded by the following agencies: National Insti-
tutes of Health (NIH) GM044783. The United States govern-
ment has certain rights in this invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application takes priority from U.S. provisional appli-
cation Ser. No. 60/820,011, filed Jul. 21, 2006, which is
incorporated by reference in its entirety herein.

BACKGROUND OF THE INVENTION

The success of genome sequencing has heightened the
demand for new means to manipulate proteins. An especially
desirable goal is the ability to modify a target protein or
peptide at a specific site with a functional group of orthogonal
reactivity which can in turn be used for protein modification
or immobilization.

Site-specific derivatization of proteins and peptides is use-
ful in a variety of research and therapeutic applications. For
example, attachment of reporter molecules (labels or tags)
can be used to detect the proteins or peptides. Attachment of
ligands which bind to a receptor or other binding partner can,
for example, be used to facilitate protein or peptide detection,
isolation or purification. Linking of therapeutic proteins to
other proteins or peptides, or to ligands or other small mol-
ecules, for example, can enhance their therapeutic value.

Site-specific derivatization of proteins and peptides is also
useful for their immobilization onto surfaces. Microarrays in
which proteins, peptides or other chemical species are immo-
bilized to a surface enable high-throughput experiments that
require only small amounts of analyte. For example, protein
“chips” can be used to detect protein-ligand, protein-protein,
and antibody-antigen interaction. Attaching proteins or other
chemical species covalently, rather than non-covalently pro-
duces more robust surfaces. Methods and reagents for immo-
bilization that result in the formation of covalent and stable
linkages provide significant benefit. Additionally, the ability
to attach proteins or other chemical species to a surface in a
uniform rather than random manner and which results in
high-density attachment can provide a substantial advantage
in assay sensitivity.

Protein microarrays [53, 54] facilitate high-throughput
approaches for the discovery and characterization of protein-
ligand interactions which are useful in the study of compli-
cated biological pathways. Additionally, protein microarrays
facilitate high-throughput methods of screening small mol-
ecule libraries as potential enzyme inhibitors and protein
binding agents which are important in drug development.
Moreover, protein microarrays provide recyclable devices
that can be used to detect disease biomarkers in fluids of
patients and are a great aid in disease diagnosis.

While DNA microarrays [55] have been produced in a
large scale to study gene function, the fabrication of protein
microarrays is more arduous. A major complicating factor is
the tremendous chemical complexity of proteins. Proteins
consist of 20 amino acids, each bearing a different side chain
with distinct chemical properties, some of which possess
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further diversity as a result of post-translational modification.
Moreover, the same amino acid exhibits different reactivity
when present in different positions in a protein. In addition,
proteins have limited stability and are susceptible to loss of
activity when subjected to chemical modification. Accord-
ingly, one of the major challenges in protein microarray tech-
nology is the development of general and facile strategies for
protein immobilization.

Proteins have been immobilized on surfaces both non-
covalently and covalently [56]. Facile, non-covalent immo-
bilization has been achieved by physical adsorption [31, 57]
and affinity tag mediated complex formation reactions [58,
59]. Nonetheless, covalent immobilization of proteins results
in a more robust protein array.

Proteins are nucleophilic. Their side chains contain no
electrophiles other than the disulfide bonds of cysteines or
functional groups installed by post-translational modifica-
tion. Accordingly, the chemical reactivity of proteins neces-
sarily entails nucleophilic side chains, such as those of lysine
[1] and cysteine [2,3]. The prevalence of these residues obvi-
ates control over the regiochemistry of reactions [4], produc-
ing heterogeneous reaction products often at the expense of
biological function [3,5].

Covalent immobilization via nucleophilic side chains of
lysine and cysteine residues [1, 60] produces a randomly
oriented protein array. In contrast, site-specific covalent
immobilization, either via an engineered cysteine [3] or via a
non-proteinogenic group installed in a protein, affords a uni-
formly oriented protein array. Oriented protein arrays exhibit
higher ligand binding ability [3, 61] and better reproducibility
of'enzymatic activity [ 62] when compared to arrays generated
by random immobilization.

An intermediate that forms during the intein-mediated
splicing of proteins contains an electrophile—a thioester
(FIG. 1) [6]. The orthogonal reactivity of this functional
group (as an electrophile) compared to the predominantly
nucleophilic groups of proteins an be exploited for the site-
specific modification of a protein by reaction with cysteine
derivatives [ 7] or tandem reaction with a small-molecule thiol
and amine [8]. Although thiols are potent nucleophiles for
thioesters, the resultant thioesters are inherently unstable to
hydrolysis [9], making the simple transthioesterification of an
intein-derived thioester unsuitable for the chemical modifi-
cation of proteins.

The powerful methods of native chemical ligation [10] and
expressed protein ligation [11] offer an ingenious solution to
this problem. After transthioesterification with a cysteine
residue, S—N acyl transfer regenerates the thiol and forms a
stable amide linkage. This approach, which has been used for
protein modification and immobilization [12,13], however
introduces a residual thiol that can be the focal point for
undesirable side reactions. For example, cysteine is by far the
most reactive residue toward disulfide bonds, O,(g), and
other common electrophiles [14]. In addition, the sulthydryl
group of cysteine can undergo f-elimination to generate
dehydroalanine [15], or disrupt self-assembled monolayers
ongold or silver surfaces [ 16]. An alternative means to exploit
intein-derived thioesters for the installation of an orthogonal
functional group is needed in view of these detrimental
attributes.

In contrast to sulfur nucleophiles, nitrogen nucleophiles
could, in theory, react directly with the thioesters formed
during intein-mediated protein splicing to form inert link-
ages. This reaction has been neither explored nor exploited
previously. Additionally, reagents carrying a nitrogen nucleo-
phile and a functional group exhibiting orthogonal reactivity
(a hetero bifunctional reagent) could, again in theory, both
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attack an intein-derived thioester to form a stable linkage and
install the orthogonal (and thus useful) functional group.

The azido group can serve in many applications as an
orthogonal functional group, being absent from natural pro-
teins, nucleic acids, and carbohydrates [17]. Moreover,
chemical reactions of the azido group, such as the Cu(l)-
catalyzed Huisgen 1,3-dipolar azide-alkyne cycloaddition
[18] and Staudinger ligation [19] could be used for site-
specific modification or immobilization. Azido-proteins have
been produced previously. For example, Schultz and cowork-
ers have developed a method for incorporating azidolysine
into proteins [20]. Their approach involves producing a sup-
pressor tRNA charged with azidolysine that inserts that resi-
due into a protein as directed by an engineered gene. This
method, although site-specific, is labor intensive and low
yielding. Tirrell, Bertozzi, and coworkers have incorporated
an azido group into a protein by using azidohomoalanine,
which replaces methionine in proteins produced in methion-
ine-depleted bacterial cultures [21]. This method is not site-
specific for proteins containing more than one methionine
residue.

U.S. Pat. No. 6,972,320 reports the coupling of peptides
and proteins derivatized with azido groups with those deriva-
tized with phosphinothioester groups via reaction of these
functional groups to form an amide bond. U.S. patent appli-
cation 2005/0048192 (Raines and Soellner) published Mar. 3,
2005 reports the use of azido functional groups for site-
selective rapid and high-yielding covalent ligation of mol-
ecules, including peptides and proteins, to surfaces. The liga-
tion is based on the reaction of an azide with a
phosphinothioester to form an amide bond through which the
molecule is immobilized on the surface.

Methods and reagents that would allow derivatization at
thioesters formed in proteins, particularly those formed dur-
ing intein-mediated splicing, where the resulting linkage is
stable and which further allow incorporation of a functional
group with orthogonal reactivity, such as an azide, for subse-
quent reaction would clearly be useful in the art.

SUMMARY OF THE INVENTION

This invention provides methods and reagents for site-
selective functionalization of peptides and proteins. The
method is based on the reaction of thioesters with hydrazine.
The methods and reagents herein can be employed to
covalently attach or link a peptide or protein, including pro-
tein fragments, to another chemical entity, which may be a
functional group, a reporter molecule, label or tag, a biologi-
cal molecule (e.g., a peptide, protein, carbohydrate, nucleo-
side or nucleic acid, or lipid), a ligand (for example, a steroid
among many others) that in turn binds to a receptor (which
may be a cell surface receptor), a variety of small molecules,
e.g., drugs, drug candidates, antibiotics and the like, or a
surface which most generally can be biological surface (e.g.,
a cell surface) or a substrate surface. The functionalization
can be conducted in a physiological acceptable environment
in aqueous buffer at pH near 7.0 (neutral pH) and at physi-
ological temperatures which minimizes or avoids inactivation
of biological molecules (e.g., peptides or proteins).

In specific embodiments the invention provides a method
for linking a chemical entity or species to a target peptide or
protein in which a peptide or protein having one or more
thioester groups is reacted with a chemical species carrying a
hydrazine group of the formula:

H,N—NH—CH,-M-L-R

and salts thereof wherein:
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R is generally any chemical entity or species which is to be
attached or covalently bonded to a protein or peptide; R can be
a functional group, a reporter molecule, label or tag, a bio-
logical molecule (e.g., a peptide, protein, carbohydrate,
nucleoside or nucleic acid, or lipid), a ligand (for example, a
steroid among many others) that in turn binds to a receptor
(which may be a cell surface receptor), a variety of small
molecules, e.g., drugs, drug candidates, antibiotics and the
like;

M is a single bond or a divalent chemical group carrying a
non-bonding electron pair, such as —C(O)NR'—, where R' is
H, or an alkylene or arylene group; and

L is an optional linker group.

The L. group can be any chemical species that provides a
linker or spacer function which does not contain functional
groups that react with hydrazine and preferably which does
not contain functional groups that themselves react with the
peptides or proteins that are to be functionalized or the chemi-
cal entities of the M and R group that is to be linked to the
protein or peptide. The linker is a divalent chemical species
which bonds between the M and R groups and which may
carry functional groups which do not react with hydrazine,
and which preferably do not react with the peptide or protein
or the M or R groups, or functional groups which are pro-
tected (employing standard art-recognized protecting
groups) against reaction with hydrazine, and preferably pro-
tected against reaction with the peptide or protein, and the M
and R groups. In specific embodiments, where R is or com-
prises a functional group that exhibits orthogonal reactivity,
such as an azido group, an alkenyl, an alkynyl, or a triazole
group, L should not react with any of such orthogonal func-
tional groups. The linking group preferably does not contain
thiol groups, selenol groups, primary amine groups, alkoxyl
amine groups (H,N—O—R), hydroxamic acid groups, per-
oxide groups, aldehyde or ketone groups, unless the groups
are protected with suitable protective groups which render
them unreactive under conditions employed in the methods
herein.

The linker is typically an organic species, having at least
one carbon atom, which can include an alkylene chain, e.g.,
—(CH,),— where n is an integer indicating the length of the
chain and wherein one or more carbons of the chain are
optionally substituted with non-reactive or protected func-
tional groups as described above. The organic linker may also
be an alkylene chain in which one or more typically non-
neighboring CH, groups are replaced with O, S, CO, an ester
or amide group, or an N(R"), group, wherein R" is a hydro-
gen, an alkyl or an aryl group and at least one R" is not
hydrogen, the organic linker may be an arylene group (e.g., a
phenylene [e.g., —C Hs—], biphenylene [e.g., —CHs—
C¢Hs—1, or a divalent naphthylene group [e.g., a 1,5-naph-
thylene or a 1,4-naphthylene]), wherein one or more of the
ring carbons are replaced with a heteroatom (O, N or S), or the
organic linker may contain alkylene and arylene portions
(e.g.,—CH,—C Hs—, or—CH,—C Hs—CH,—) wherein
one or more typically non-neighboring CH, groups of the
alkylene are replaced with O, S, CO, an ester or amide group,
or an N(R"), group, wherein R" is a hydrogen, an alkyl or an
aryl group and at least one R" is not hydrogen and/or one or
more of the arylene ring carbons are replaced with a heteroa-
tom (e.g., O, N or S). In specific embodiments, L is an alky-
lene linker, an arylene linker or a polyether linker.

Linkers include those comprising ether groups, polyethers,
alkyl, aryl (e.g., groups containing one or more phenyl rings)
or alkenyl groups, or ethylene glycol groups. In certain
embodiments, linkers can range in length from 2 to 1,000
atoms in length. In certain embodiments, linkers consist of 2
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to 1,000 atoms. In additional embodiments, linkers consist of
2to 50, 2-30, 2-20 or 2-10 atoms. A linker can be based on an
alkylene chain in which one or more of the CH, groups ofthe
chain is replaced with an O, S, NH, CO, or CONH group,
where it is appreciated that dependent upon the application of
the linker a CO group may need to be protected in the linker.
A linker can be a substituted alkylene chain in which one or
more carbons of the chain carries a non-hydrogen substituent,
such as an OH, NH,, or SH group or halide, where it is
appreciated that dependent upon the application of the linker
substituent group may need to be protected in the linker. A
linker can be based on an divalent aryl group (arylene) in
which one or more of the ring carbons are replaced with O, S,
or N, where it is appreciated that dependent upon the appli-
cation of the linker the arylene may need to be protected. A
linker can be a substituted arylene in which one or more
carbons of the group carries a non-hydrogen substituent, such
as an OH, NH,, or SH group or halide, where it is appreciated
that dependent upon the application of the linker the substitu-
ent group may need to be protected in the linker.

Ether linkers include those of formula —[(CH,)r-O—
(CH,)s-0-]q-(CH,)z, where 1, s, z and q are integers and z
may also be zero, where r and s, r and z, s and z and r, s, and
7 may be the same or different. The integers r and s can range
from 1-100, z can be 0 or be an integer ranging from 1-100
and q can range from 1-100. In specific embodiments, the
integers t, s, and z can, for example range from 1-10 or 2-10,
or 2-6 and q can, for example range from 1 to 100, 1-50, 1-20,
1-10 or 2-6.

A linker may be a polymer, such as a poly(ethyleneglycol).
A linker typically may have residue moieties that remain after
ligation of the linker via a functional group to a chemical
species or a surface.

The linker may have discrete length where all molecules of
the chemical species containing the linker have the same
linker length (i.e., where in a —(CH, )n-linker, n is a specific
integer) or may be a polymeric linker in which the reagent
comprises individual polymer molecules of different size, but
which typically may be represented by an average number (n)
of repeating units (RU), wherein L is (RU),,, where n is the
average number of repeating units.

In additional embodiments, L is a polymeric linker carry-
ing polyethylene glycol chains, such as those that are com-
prised in Pegylation reagents, for example, polymethacry-
lates with polyethylene glycol chains such as those that are
commercially available under the trade name POLY PEG
(Trademark, Warwick Effect Polymers, UK). The average
number of repeating units of a polymer is determined by
measuring an average molecular weight of the polymer and
dividing that average molecular weight by the weight of a
repeating unit. Most typically the number average molecular
weight is used to determine average number of repeating
units. But as is well known in the art, average molecular
weights of polymers can be measured or calculated in several
different ways and will typically differ from one another as
will the average number of repeating units calculated from
them, because a given polymer is not monodisperse.

In certain specific embodiments, the linker is a polyether of
formula —(CH,—CH,—0),—CH,—CH,— where p is an
integer ranging from 1-10 and more specifically nis 2, 3, 4 or
5 and which is not a polymeric polyether.

In specific embodiments, the reaction is carried out in
aqueous buffer between pH 6-8 and more preferably at pH 7.

In specific embodiments, the chemical species carrying the
hydrazine functional group is a hetero bifunctional reagent
having the formula:
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H,N—NH—CH,-M-L-FG

and salts thereof where:
M is a single bond or a chemical group carrying a non-
bonding electron pair, such as —C(O)NR'—, where R' is H,
or an alkyl or aryl group;
L is an optional linker group as described above; and
FG is a functional group having reactivity that is orthogonal
to that of the hydrazine group, can be an azido, alkenyl,
alkynyl, nitrile (—CN) or triazole group and is preferably an
azido group (—Nj;).

In certain embodiments, the hetero bifunctional reagent
comprises an azido group and has the formula:

H,N—NH—CH,-M-L-N;

and salts thereof, where M and L are as defined above.
In more specific embodiments, the hetero bifunctional
reagent has the formula:

H,N—NH—(CH,),,—CONR'—(CH,),—N;

and salts thereof where m and n are, independently, integers
ranging from 1-100, including 1-20, 1-10 and 1-6. In certain
embodiments, mis 1 andnis 1-100, mis 1 and nis 1-20, m is
landnis 1-6,mis 1 andnis 2-6, mis 1 and nis 2, mis 3 and
nis 1-100, mis 3 and nis 1-10, mis 3 and n is 2-6, m is 3 and
nis2, mis 1-3 and n is 1-3.

In other embodiments, the hetero bifunctional reagent has
the formula:

H,N—NH—((CH,),—0),—CH,—CH,—N;

and salts thereof where p is or represents the number or
average number of ecther repeating units. The linker
((CH,),—0),CH,—CH,, which can also be written as
-PEG- represents a polyethylene glycol spacer which may
comprise a linker of discrete length where all molecules of the
reagent have the same linker length (i.e., p is a specific inte-
ger) or a polymeric linker in which the reagent comprises
individual polymer molecules of different size, but which
typically may be represented by an average number of repeat-
ing units. In certain specific embodiments, the reagent is not
apolymeric reagent and p is an integer ranging from 1-10 and
more specifically p is 2, 3, 4 or 5. In certain embodiments, the
reagents are polymers in which the linker is a polymeric
material, such as a PEG.

In specific embodiments, the chemical species carrying the
hydrazine group is immobilized on a surface. More specifi-
cally, the chemical species has formula:

H,N—NH—CH,-M-L-R

or salts thereof, where R comprises a surface. Hydrazine-
functionalized surfaces can for example be prepared by reac-
tion of the bifunctional reagent of formula:

H,N—NH—CH,-M-L-FG

with a surface carrying one or more groups which react with
FG to form a covalent bond. For example, when FG is an
azido group, the bifunctional reagent is reacted with a surface
which carries phosphinothiol groups to immobilize hydrazine
to the surface.

In a specific aspect of the invention, intein-mediated pro-
tein splicing is employed to generate protein thioesters which
can be reacted with hydrazine-containing chemical species or
the hetero bifunctional reagents of this invention to covalently
link the protein (or protein fragment) to various chemical
species or to attach a functional group at the C terminus of the
protein. The method is based on the capture of an intein-
derived thioester with the hydrazine group. The method can
be used for example to covalently link an azido group or other
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orthogonal reactive group to a protein. The covalently linked
functional group can be used to further derivatize the protein,
for example with a reporter molecule, label or tag or to link
the protein to a surface. For example, a bifunctional reagent
carrying a hydrazine and an azido group can be employed to
covalently link an azido group to a protein without affecting
the function of the protein.

An azido group covalently linked to a peptide or protein
can be further reacted, for example, via a Huisgen 1,3-dipolar
azide-alkyne cycloaddition, to attach a reporter molecule,
label or tag, such as a fluorophore, to the peptide or protein or
to immobilize the peptide or protein to a surface. An azido
group attached at the C-terminus of a protein can also be used
for site-specific protein immobilization which can be prefer-
able to random immobilization, [3,5] and to modification by
Staudinger ligation. [ 19] The method can also be employed to
attach functional groups with orthogonal reactivity other than
azido groups, for example, alkene, alkyne, triazole or nitrile
groups to a target protein.

In specific embodiments, the invention provides a general
method for producing proteins labeled site-specifically with
an azido group. These azido-proteins can be produced by
semisynthesis using a variation of expressed protein ligation
(FIG. 1) [11]. The method involves producing the protein of
interest as a fusion protein with an intein and a tag for affinity
chromatography. On-resin cleavage of the intein-derived
thioester is induced with a bifunctional reagent bearing a
nucleophile for thioesters and an azido group, such as the
bifunctional reagent above. This method is used to produce an
azido-protein that maintains biological activity, preferably
full biological activity, and displays at its C terminus an azido
group thatis available for chemoselective modification. Thus,
exploiting the intrinsic and orthogonal reactivity of the
thioester produced during intein-mediated protein splicing
enables the site-specific chemical modification of a protein.

In a specific embodiment, azido-proteins are immobilized
to a surface by reaction of the azido groups with functional
groups on the surface, in particular with surface-attached
phosphinothioester groups. The invention further provides
surfaces to which one or more proteins (which may be the
same or different proteins) are immobilized by reaction of an
azido-protein with a surface attached phosphinothioester.
More specifically, the invention provides surfaces immobi-
lized with one or more proteins (or protein fragments)
employing azido-proteins and methods described herein. The
invention provides surfaces in which the immobilized pro-
teins or protein fragments retain 50% or more of the activity
of the free (non-immobilized) proteins or protein fragments.
In more specific embodiments, immobilized proteins retain
75% or more or 90% or more of the activity of the free
(non-immobilized) proteins or protein fragments.

In a specific embodiment, the azido-proteins formed by the
methods of this invention can be employed to generate a
microarray of a plurality of different peptides, and/or pro-
teins.

The invention provides kits for carrying out the methods of
this invention for functionalization of peptides and/or pro-
teins, for ligation of peptides or proteins to various chemical
species and/or for immobilization of functionalized peptides
or proteins of this invention on to one or more surfaces. Such
kits may comprise a carrier, such as a box, carton, tube or the
like, adapted to receive one or more containers, such as vials,
tubes, ampules, bottles and the like. Containers of the kit
comprise selected amounts of one or more compounds,
reagents, or buffers or solvents useful in carrying out a
method of the invention.
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In specific embodiments, a kit of this invention comprises
one or more chemical species having a hydrazine group of
this invention according to any of the chemical formulas
herein. In more specific embodiments, a kit of this invention
can comprise one or more chemical species which carry a
hydrazine group and a reporter, label or tag for linking to a
peptide or protein. Alternatively, a kit of this invention can
contain starting materials, reagents, buffers or solvents for
generating one or more hydrazine-containing species of this
invention. In other specific embodiments, a kit of this inven-
tion can contain one or more bifunctional reagents of this
invention which comprise a hydrazine group and a second
functional group exhibiting orthogonal reactivity, particu-
larly an azido group. More specifically, a kit of this invention
can comprise one or more bifunctional reagents useful for
immobilizing a peptide or protein to a surface.

Kits may further comprise one or more additional compo-
nents necessary for carrying out one or more particular appli-
cations of the methods and reagents of the present invention.
For example, the kit may comprise one or more chemical
species which are to be ligated to a peptide or protein employ-
ing the methods and/or reagents of this invention. In a specific
example the bifunctional reagent comprises a hydrazine
group and an azido group and the kit comprises a chemical
species which can be reacted with the azido group for attach-
ment of the peptide or protein. The chemical species that is to
be attached to the peptide or protein can include peptides,
proteins, carbohydrates, lipids, nucleosides or nucleic acids
or any of a variety of small molecules. In specific examples,
the kits contain one or more labels, tags or reporter molecules
for attachment to the peptide or protein. In another specific
example, the kits contain a surface upon which the peptides or
proteins can be immobilized. For example the kit may contain
one or more components useful for the carrying out an assay
employing a functionalized peptide or protein prepared using
the bifunctional reagent. In general, kits may also contain one
or more buffers, reaction containers or tools for carrying out
the functionalization or other method, means for purification
of functionalized peptides or proteins, control samples, one or
more sets of instructions, and the like. In specific embodi-
ments, kits can comprise reagents and starting materials for
generating a peptide or protein carrying a thioester group for
reaction with a hydrazine compound or reagent of this inven-
tion.

In a specific embodiment, the invention provides a kit
which comprises reagents, buffers and one or more other
components for forming a protein thioester by intein-medi-
ated splicing. Such kits optionally include a surface upon
which the protein thioester is formed for subsequent reaction
with a hydrazine compound or reagent of this invention. Such
kits can further comprise one or more hydrazine compounds
or reagents of this invention, one or more buffers for carrying
out a method of the invention, one or more surfaces for
immobilization of functionalized proteins, one or more
chemical species for attachment to functionalized proteins,
one or more means for assaying functionalized proteins and
instructions for carrying out one or more methods of this
invention.

Other aspects of the invention are clear on consideration of
the specification hereof including the drawings and non-lim-
iting examples.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the mechanism of expressed protein liga-
tion [11] and on-resin capture of the thioester intermediate
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with a small-molecule nucleophile (H-Nu). The figure also
shows the structure of the captured thioester when the nucleo-
phile is hydrazine.

FIG. 2 provides rate constants for the attack of nitrogen
nucleophiles on a thioester (Scheme 1). (a) Bronsted plot for
the reaction of simple amines (open circles) and a-effect
nucleophiles (filled circles) with AcGlySCH,-p-NO, at 25°
C. Relevant pKa values are listed in Table 1. Data were fitted
to eq 1 with A=0.21, B=4.0x10-5, $=0.42, and $'=0.81. (b)
Values of the first-order rate constant (k1) at pH 7.0 and 25° C.
ND: not determined.

FIG. 3 illustrates (a) SDS-PAGE analysis of the prepara-
tion of azido-RNase A and (b) MALDI-TOF mass spectrum
of azido-RNase A (expected for Met(-1)RNase A-Gly-
NHNHCH,C(O)NHCH,CH,N;  [Cs56HosoN,750,058,51=
14011).

FIG. 4 illustrates SDS-PAGE analysis of the reaction of
azido-RNase A and wild-type RNase A with alkynyl fluores-
cein 10. FIG. 1 (a) shows visualization with Coomassie-blue
staining and () shows visualization with fluorescence imag-
ing.

FIG. 5 is an illustration of intein-mediated generation of a
protein thioester followed by reaction with a hydrazine of this
invention to functionalize the protein.

FIG. 6 is an illustration of site-specific enzyme immobili-
zation by Staudinger ligation as described in Example 7.

FIG. 7 is a figure illustrating the kinetics and specificity of
immobilization of azido-RNase A as described in Example 7.

FIG. 8 is a graph showing the results of an activity assay on
immobilized RNase A.

FIGS. 9A and 9B illustrate RI binding on immobilized
RNase A as measured by (A) Immunoassay and (B) Ellip-
sometry as described in Example 7.

DETAILED DESCRIPTION OF THE INVENTION

Most generally the invention relates to methods and
reagents for covalent ligation of a peptide or protein which
has one or more thioester groups (and preferably has a single
thioester group, particularly at a C-terminus of the peptide or
protein) to another chemical species by means of the reaction
of a nucleophilic hydrazine group with the thioester of the
peptide or protein.

Chemical species that can be covalently linked to a peptide
or protein include other peptides or proteins, protein frag-
ments, carbohydrates (e.g., saccharides), amino acids, lipids,
nucleosides or nucleic acids, reporter molecules, tags or
labels (e.g., a group whose presence can be detected by opti-
cal spectroscopy or mass spectrometry or other instrumental
method), including a fluorescent or phosphorescent group
(e.g., fluorescein and the like), an isotopic label or a radiola-
bel. Small molecules that can be ligated to a peptide or protein
include amino acids, dipeptides, tripeptides, monosaccha-
rides, disaccharides, reporter molecules, haptens that bind
selectively to an antibody, ligands that bind to areceptor (such
as one or more steroids), drugs or drug candidates, antibiotics
and other small molecule therapeutics. The term chemical
species is used broadly herein to refer to any chemical moiety
to which a covalent bond can be formed. In specific embodi-
ments, the chemical species is a surface or substrate to which
the peptide or protein can be ligated. In a specific embodi-
ment, the chemical species that is covalently linked to the
peptide or protein is a chemical species other than a peptide or
protein or is a chemical species other than an amino acid.

It will be appreciated that covalent linking of the chemical
species to the peptide or protein can proceed by reaction of a
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chemical precursor of the chemical species which carries a
hydrazine group. The chemical precursor can be the species
of formula:

H,N—NH—CH,-M-L-R

and salts thereof as defined above.

Alternatively, the covalent linking of the chemical species
to the peptide or protein can proceed in two steps in which the
peptide or protein is reacted with a bifunctional reagent of
formula:

H,N—NH—CH,-M-L-FG

and salts thereof as defined above to form an intermediate
peptide or protein functionalized with an FG group:

peptide/protein-CO—NH—NH—CH,-M-L-FG

FG is a functional group having reactivity that is orthogonal
to that of the hydrazine group. In specific embodiments FG is
an azido, alkenyl, alkynyl, nitrile (—CN) or triazole group
and is preferably an azido group (—N5). In a specific embodi-
ment, FG is an azido group and the functionalized interme-
diate is an azido-functionalized peptide or protein. The inter-
mediate FG functionalized peptide or protein can then be
reacted with a precursor of the chemical species which reacts
with FG to form a covalent linkage to the chemical species.
For example, when FG is an azido group, the precursor of the
chemical species can comprise a phosphinothioester or an
alkynyl group which reacts with the azide to form an amide or
a 1,3-dipolar azide-alkyne cycloaddition product, respec-
tively.

In another alternative, the bifunctional reagent can first be
reacted with a precursor to the chemical species that is to be
ultimately covalently linked to the peptide or protein to form
a chemical species functionalized with a hydrazine group,

eg.
H,N—NH—CH,-M-L-R

or a salt thereof, where R comprises the chemical species and
any residual atoms or groups that remain after reaction of the
FG with the precursor to the chemical species. The bifunc-
tional reagent of this invention can for example be employed
to generate a surface which is functionalized with hydrazine
groups. For example, a bifunctional reagent where FG is an
azido group can be reacted with a precursor of the chemical
species which also carries a phosphinothiol group (forming
an amide linkage to the chemical species) or with a precursor
of the chemical species which also carries an alkynyl group
(forming a cycloaddition product by 1,3-dipolar azide-alkyne
cycloaddition). The intermediate species in this alternative is
the chemical species that is hydrazine-functionalized. The
chemical species may be any of those noted above and in
particular can be a peptide, protein or a surface. The hydra-
zine-functionalized intermediate may for example be a
hydrazine-functionalized peptide or protein or a hydrazine-
functionalized surface. The hydrazine functionalized inter-
mediate can then be reacted with a peptide or protein which
carries one or more thioester groups to form a covalent link-
age between the peptide or protein and the chemical species.

It will be appreciated that the bifunctional reagents of this
invention and in particular those in which FG is an azido
group can be useful in general for forming a covalent linkage
between two chemical species, wherein one of the chemical
species carries a thioester group or is functionalized to carry
a thioester group which reacts with the hydrazine group and
wherein the other chemical species carries a functional group
or is functionalized to carry a functional group which reacts
with the FG group. When FG is an azido group, the chemical
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species, for example, carries a phosphinothiol group or an
alkynyl group which each react with an azido group. In a
specific embodiment, the bifunctional reagent can be used to
covalently link a chemical species carrying a thioester group
(most generally called a thioester) and a chemical species
carrying a phosphinothiol group (most generally called a
phosphinothiol). In another specific embodiment, the bifunc-
tional reagent can be employed to covalently link a thioester
to a an alkyne (chemical species carrying an alkynyl group).

In general any peptide or protein can be functionalized or
immobilized employing the methods and reagents herein.
The term peptide is used broadly herein to refer to small
peptides and polypeptides. For improved clarity we designate
small peptides as those having from 2-100 amino acids and
polypeptides as peptides having more than 100 amino acids.
Peptides which can be functionalized include small peptides
having 2 to 100, 2 to 50, 10-100 and 10-50 amino acids and
include polypeptides having 100 or more amino acids or 200
or more amino acids. Polypeptides in some cases may be
proteins.

Proteins include among others, enzymes, receptors, anti-
bodies and antibody fragments. In general, any peptide or
protein can be functionalized or ligated to a surface employ-
ing the inventive method. Useful peptides and proteins can be
synthetic, semi-synthetic and biosynthetic. In particular, pep-
tides or proteins can be synthesized using solid-phase peptide
synthesis or related methods. Peptides and proteins can be
isolated from natural sources (e.g., isolated from a bacterial,
plant or animal source) or prepared by recombinant methods
(e.g., by expression in a recombinant host). Proteins include
among others glycoproteins, lipoproteins, fusion proteins,
enzymes, receptors, antibodies, and antibody fragments. Pro-
teins may be monomers, homodimers, heterodimers, and
aggregates containing a plurality of polypeptides. Proteins
and protein fragments include libraries of proteins and/or
protein fragment variants in which the individual variants
different from one another in size or structure, amino acid
sequence, or derivatization. Proteins and protein fragment
libraries can include libraries containing a plurality of mutant
proteins in which one or more amino acids of a polypeptide
sequence of the protein or protein fragment are altered from a
naturally-occurring (e.g., wild-type) protein sequence.

In general, the thioester group of the peptide or protein can
be formed on either terminus or on an amino acid side group
by methods that are known in the art. Preferably the peptide or
protein carries a single thioester group for selective reaction
with a hydrazine compound or reagent. Preferably the
thioester group is at the C-terminus of the peptide or protein
and in a specific embodiment the thioester is formed by
intein-mediated splicing.

In specific embodiments, peptides and proteins which are
functionalized using the methods and reagents herein with an
azido group can be immobilized to any surface that can be
derivatized with phosphinothioester group. In particular, any
molecule that has an azido functional group can be attached to
a surface that is derivatized with a phosphinothioester, as long
as the molecule and the surface, including surfaces of particu-
lates, are compatible with the chemistry employed.

Additionally, azido functionalized peptides and proteins
formed by the methods of'this invention can be reacted with a
alkyne functional group via a Huisgen 1,3-dipolar azide-
alkyne cycloaddition to form a 1,2,3-triazole. Analogously,
alkyne-functionalized peptides or proteins can be reacted
with an azido functional group via the same cycloaddition.

In a specific embodiment, a protein thioester is first func-
tionalized with an azido group by reaction with a bifunctional
reagent carrying a hydrazine group and an azido group. The
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hydrazine reacts with the thioester to form a covalent linkage
to the protein and functionalize the protein with the azido
group. In a subsequent step, the azido protein is reacted with
a phosphinothioester in a modified Staudinger reaction to
form an amide bond to covalently attach or ligate the protein
to a surface. In general, any azide (a molecule containing an
azido group) can be ligated to a phosphinothioester deriva-
tized surface as has been described in U.S. patent application
2005/0048192 (Raines and Soellner) published Mar. 3, 2005.

Immobilization of a protein to a surface employing a
bifunctional reagent of this invention is illustrated in Scheme
1:

Scheme 1: Use of bifunctional reagent to immobilize proteins to a surface
functionalized with phosphinothioesters:

o o
Ls PR ﬁ\)]\ N
3
| PROTEIN g/ g/\/

0 0
J e
N Sy PROTEIN
i i

PPh,

where Ls is a covalent linkage to the surface which can
generally be an alkylene chain, —(CH,),—, where s is an
integer indicating the length of the chain) wherein one or
more —CH,— groups can be replaced witha—N—, —O—,
—S—, —NH— or CO atom or group. Specific Ls groups
include, among others: —(CH,),,—NH—CO—(CH,),,—,
—(CH,),—CO—NH—(CH,),—,  —(CH,),—NH—
CO—(CH,),,—X—(CH,)s— —(CH,),—CO—NH—
(CH,),,—X—(CH,),;—, where X is an ether or polyether
group including a PEG and where s1, s2 and s3 are integers.
In specific embodiments, s is an integer ranging from 1-100,
2-100 or 2-50. In more specific embodiments, s is an integer
ranging from 2-10. In specific embodiments, s1, s2 and s3 are
integers ranging from 1-100, 2-100 or 2-50. In a specific
embodiment, s1+s2+s3 ranges from 4-100, 6-100 or 6-50. In
more specific embodiments, s1, s2 and s3 are integers ranging
from 2-10.

A phosphinothioester useful in this ligation can be gener-
ated in a number of ways. For example, an activated carboxy-
lic acid derivative, e.g., a thioester or a N-acylsulfonamide,
can be converted into a phosphinothioester. Any method
known in the art for forming a phosphinothioester can in
general be used. Published PCT application US/01/087920
provides an efficient method for generating phosphi-
nothioesters, particularly those of amino acids, peptides and
protein fragments using a phosphinothiol reagent. Phosphi-
nothiol reagents can also be employed, as described in U.S.
patent application 2005/0048192 to provide surfaces deriva-
tized with phosphinothioesters. The phosphinothiol reagent
can be used to generate the desired phosphinothioester from
activated carboxylic acid derivatives (e.g., which are acti-
vated for nucleophilic attach such as thioesters or activated



US 8,242,058 B2

13

sulfamyl groups) or from a carboxylic acid by conventional
coupling reactions mediated by dicyclohexylcarbodiimide or
a similar coupling.

A phosphinothioester useful in the ligation reaction of this
invention can also be generated from a peptide or protein
fragment that is attached to a resin at its C-terminus. For
example, a peptide or protein fragment can be released from
a resin by reaction with a phosphinothiol reagent of this
invention to generate a phosphinothioester. A peptide or pro-
tein fragment can be synthesized on an appropriate resin
using known methods of solid state peptide synthesis, e.g.,
Fmoc-based methods. The peptide or protein fragment syn-
thesized on the resin can then be released by reaction with a
phosphinothiol to generate a phosphinothioester which then
can be ligated with an azide to form an amide bond. In this
aspect of the invention, any resin known in the art to be
appropriate for peptide synthesis and that is compatible for
reaction with a phosphinothiol to generate a phosphinothiol
ester can be employed in this invention. Resins known in the
art as “safety-catch” resins are of particular interest [85].

In a specific embodiment, the invention provides a surface
to which one or more peptides, proteins or both are covalently
immobilized through a chemical linkage which comprises the
chemical group:

—HN—NH—CH,-M-L-NH—

wherein M is a single bond or a chemical group carrying a
non-bonding electron pair, and L. is an optional linker group
which if present is an alkylene chain —(CH,),— where n is
an integer indicating the length of the chain, wherein one or
more carbons of the chain are optionally substituted with a
non-reactive or protected functional group which does not
react with hydrazine and wherein one or more non-neighbor-
ing CH,, groups are replaced with O, S, CO, an ester or amide
group, an arylene group, or an N(R"), group, wherein R" is a
hydrogen, an alkyl or an aryl group and at least one R" is not
hydrogen. Such surfaces can be prepared employing a bifunc-
tional reagent of this invention. A plurality of peptides, pro-
teins or both can be immobilized to a surface or a plurality of
surfaces to form a microarray.

More specifically, the invention provides a surface to
which one or more peptides, proteins or both are covalently
immobilized through a chemical linkage which comprises the
chemical group:

— NH—NH—CH,—CO—NH—CH,—CH,NH—

Such surfaces can be prepared employing a bifunctional
reagent of this invention. A plurality of peptides, proteins or
both can be immobilized to a surface or a plurality of surfaces
to form a microarray.

In a specific embodiment, the invention provides a method
for covalently attaching one or more proteins to one or more
surfaces wherein immobilized yields of equal to or greater
than 50% are obtained.

Surfaces that can be used in this invention include, but are
not limited to glass (including glass slides), quartz (including
optical fibers), various metal surfaces such as gold with thiol
monolayers (in particular BIAcore), colloidal gold, semicon-
ductors, diamond, silicon, plastic, ceramics, alum, hydroxya-
patite, polyacrylamide, polyimines, polypropylene, latex,
rubber, agarose, chitin, chitosan, dextran and derivatized dex-
trans, cellulose and derivatized cellulose (e.g., nitrocellulose,
cellulose acetate), nylon, polyvinyl chloride, and polystyrene
(resins, etc), artificial bone material. Surfaces can be flat or
curved and can be a film, a plate, a fiber, plate wells, a wafer,
a grid, a mesh, a membrane, beads or pins. Surfaces can be
rigid or pliable, or the surface of a gel. Surfaces may further be
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composed of a plurality of solid particles, resins or beads.
Surfaces having an immobilized amino acid, peptide, protein
fragment, protein, carbohydrate, lipid, nucleoside, nucle-
otide, nucleic acid, or small molecule attached can be part of
an array, such as multi-well plates or a microarray on a flat
surface. Surfaces which are derivatized, for example to carry
amine, OH, epoxy, carboxylate or ester surfaces are commer-
cially available or can be prepared by well-known techniques.

Typically, the peptides and proteins are covalently attached
to a selected chemical species through a linker group which
can act as a spacer between the peptide/protein and the chemi-
cal species. Linker groups are generally selected for compat-
ibility with the ligation chemistry and for compatibility with
the application of the resulting functionalized or immobilized
peptide or protein. Linker groups can have various chemical
structures as discussed above and preferably do not carry
functional groups or have structures that interfere with the
reactivity of the hydrazine group or any other linked func-
tional groups. The linker further should not react with the
peptide or protein and should not detrimentally affect the
activity of the peptide or protein or other chemical species to
which it is attached. Carbon atoms of the linker may be
substituted with functional groups which do not react with or
which carry protective groups which prevent their reaction
with the hydrazine, azido or other orthogonal functional
group that function in a method of this invention (including
additional useful orthogonal functional groups such as alk-
ene, alkyne, triazole or nitrile groups).

The term “alkyl” refers to a monoradical of a branched or
unbranched (straight-chain or linear) saturated hydrocarbon
and to cycloalkyl groups having one or more rings. Unless
otherwise indicated preferred alkyl groups have 1 to 30 car-
bon atoms and more preferred are those that contain 1-22
carbon atoms. Short alkyl groups are those having 1 to 6
carbon atoms including methyl, ethyl, propyl, butyl, pentyl
and hexyl groups, including all isomers thereof. Long alkyl
groups are those having 8-30 carbon atoms and preferably
those having 12-22 carbon atoms as well as those having
12-20 and those having 16-18 carbon atoms. The term
“cycloalkyl” refers to cyclic alkyl groups having preferably 3
to 30 carbon atoms having a single cyclic ring or multiple
condensed rings. Cycloalkyl groups include, by way of
example, single ring structures such as cyclopropyl, cyclobu-
tyl, cyclopentyl, cyclooctyl, and the like, or multiple ring
structures such as adamantanyl, and the like.

Theterm “alkenyl” refers to amonoradical of a branched or
unbranched unsaturated hydrocarbon group and to cycloalk-
enyl groups having one or more rings wherein at least one ring
contains a double bond. Unless otherwise indicated preferred
alkenyl groups have 2 to 30 carbon atoms and more preferred
are those that contain 2-22 carbon atoms. Alkenyl groups may
contain one or more double bonds (C—C) which may be
conjugated or unconjugated. Preferred alkenyl groups are
those having 1 or 2 double bonds and include omega-alkenyl
groups. Short alkenyl groups are those having 2 to 6 carbon
atoms including ethylene (vinyl), propylene, butylene, pen-
tylene and hexylene groups, including all isomers thereof.
Long alkenyl groups are those having 8-30 carbon atoms and
preferably those having 12-22 carbon atoms as well as those
having 12-20 carbon atoms and those having 16-18 carbon
atoms. The term “cycloalkenyl” refers to cyclic alkenyl
groups of from 3 to 30 carbon atoms having a single cyclic
ring or multiple condensed rings in which at least one ring
contains a double bond (C—C). Cycloalkenyl groups
include, by way of example, single ring structures such as
cyclopropenyl, cyclobutenyl, cyclopentenyl, cyclooctenyl,
cylcooctadienyl and cyclooctatrienyl.
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The term “alkynyl” refers to a monoradical of an unsatur-
ated hydrocarbon having one or more triple bonds (C=C).
Unless otherwise indicated preferred alkynyl groups have 2 to
30 carbon atoms and more preferred are those that contain
2-22 carbon atoms. Alkynyl groups include ethynyl, propar-
gyl, and the like. Short alkynyl groups are those having 2 to 6
carbon atoms, including all isomers thereof. Long alkynyl
groups are those having 8-22 carbon atoms and preferably
those having 12-22 carbon atoms as well as those having
12-20 carbon atoms and those having 16-18 carbon atoms.
Preferred alkynyl groups have one triple bond and include
those alkynyl groups with an o (or terminal triple bond, e.g.,
CH=CH—(CH,),— where n is 0 or an integer, e.g., n=0 or
1-28).

The term alkoxy (or alkoxide) refers to a —O-alkyl group,
where alkyl groups are as defined above. The term alkeneoxy
(alkenoxide) refers to a —O-alkenyl group where alkenyl
groups are as defined above and wherein a double bond is
preferably not positioned at the carbon bonded to the oxygen.
The term alkynoxy (alkynoxide) refers to a —O-alkynyl
group where alkynyl groups are as defined above and wherein
a triple bond is not positioned at the carbon bonded to the
oxygen.

The term “alkoxyalkyl” refers to an alkyl group in which
one or more —CH,— groups are replaced with —O—. The
term is synonymous with the term ether group and includes
polyether groups (such as PEG). Unless otherwise specified
preferred non-polymeric alkoxyalkyl groups have from 3 to
30 carbon atoms and more preferably have 6 to 22 carbon
atoms. Ether groups include groups of the formula:
—[(CH,),—0—],—CH; where ais 1-10 and b is 1-6. More
specifically,acanbe 2,3 or4 and b can be 1, 2 or 3. The term
“thioether group” or “thioalkoxyalkyl” refers to an alkyl
group in which one or more —CH,— groups are replaced
with —S—. Unless otherwise specified, preferred thio-
alkoxyalkyl groups have from 3 to 30 carbon atoms and more
preferably have 6 to 22 carbon atoms. Thioalkoxylalkyl
groups include groups of the formula: —[(CH,),—S—],—
CH; where a is 1-10 and b is 1-6. The term thioether also
includes “dithioalkoxyalkyl” groups which refers to an alkyl
group in which one or more —CH,— groups are replaced
with —S—S8-(or two adjacent —CH,— groups are each
replaced with —S—). Unless otherwise specified preferred
dithioalkoxyalkyl groups have from 3 to 30 carbon atoms and
more preferably have 3 to 22 carbon atoms. Dithioalkoxyla-
Ikyl groups include groups of the formula: —(CH,),—S—
S—(CH,),—CH;, whereacanbe 1-15 and bis 0-25. Alkoxy-
alkyl, thioalkoxyalkyl and dithioalkoxyalkyl groups can be
branched by substitution of one or more carbons of the group
with alkyl groups.

The term “alkylene” refers to a diradical of a branched or
unbranched saturated hydrocarbon chain. Preferred alkylene
groups have 1-30 carbon atoms, unless otherwise indicated
and in particular can have 1 to 10 carbon atoms, or 1-6 carbon
atoms, or 2-4 carbon atoms. This term is exemplified by
groups such as methylene (—CH,—), -ethylene
(—CH,CH,—), more generally —(CH,),—, where n is
1-30, 1-20 or 1-10 or more preferably 1-6 ornis 2,3 or 4. In
embodiments of this invention n can be significantly larger
than 30, e.g., ranging from 1, 2 or 3 to 100-200 or 300.
Alkylene groups may be branched, e.g., by substitution with
alkyl group substituents. Alkylene groups may be optionally
substituted as described herein. Alkylene groups may have up
to two non-hydrogen substituents per carbon atoms. Preferred
substituted alkylene groups have 1, 2, 3 or 4 non-hydrogen
substituents. Hydroxyl-substituted alkylene groups are those
substituted with one or more OH groups.
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The term “aryl” refers to a group containing an unsaturated
aromatic carbocyclic group of from 6 to 22 carbon atoms
having a single ring (e.g., phenyl), one or more rings (e.g.,
biphenyl) or multiple condensed (fused) rings, wherein at
least one ring is aromatic (e.g., naphthyl, dihydrophenanthre-
nyl, fluorenyl, or anthryl). Aryls include phenyl, naphthyl and
the like. Aryl groups may contain portions that are alkyl,
alkenyl or akynyl in addition to the unsaturated aromatic
ring(s). The term “alkaryl” refers to the aryl groups contain-
ing alkyl portions, i.e., -alkylene-aryl and -substituted alky-
lene-aryl. Such alkaryl groups are exemplified by benzyl,
phenethyl and the like.

The term “arylene” refers to the diradical derived from an
aryl group (including substituted aryl) as defined above and is
exemplified by 1,2-phenylene, 1,3-phenylene, 1,4-phe-
nylene, 1,2-naphthylene, 1,7-naphthylene, 1,5-naphthylene,
and the like.

Most generally the terms aryl and arylene include het-
eroaryl and heteroarylene groups. The term “heteroaryl”
refers to an aromatic group of from 2 to 30 (including 2-22)
carbon atoms having 1 to 4 heteroatoms selected from oxy-
gen, nitrogen and sulfur within at least one ring (if there is
more than one ring). Heteroaryl groups may be optionally
substituted. The term “heteroarylene” refers to the diradical
derived from a heteroaryl (including substituted heteroaryl)
groups as defined above.

The term “alkoxyalkylene” refers to a diradical of a
branched or unbranched saturated hydrocarbon chain in
which one or more —CH,— groups are replaced with—O—,
which unless otherwise indicated can have 1 to 10 carbon
atoms, or 1-6 carbon atoms, or 2-4 carbon atoms. This term is
synonymous with the term ether linker group and includes
polyether linker groups, and further includes PEG linker
groups. This term is exemplified by groups such as
—CH,OCH,—, —CH,CH,OCH,CH,—,
—CH,CH,OCH,CH,OCH,CH,— and more generally
—][(CR",),—0—],—(CR",),, where R" is hydrogen or
alkyl, ais 1-10, b is 1-6 and c is 1-10 or more preferably a and
care 1-4 and b is 1-3. In specific embodiments herein n can be
significantly larger than 10, ranging from 1, 2 or 3 up to
several hundred or several thousand. Polymeric ether link-
ages can be used in reagents and compounds of this invention
where n represent an average number of ether repeating units.
Alkoxyalkylene groups may be branched, e.g, by substitution
with alkyl group substituents. The term “thioalkoxyalkylene”
refers to a diradical of a branched or unbranched saturated
hydrocarbon chain in which one or more —CH,— groups are
replaced with —S—, which unless otherwise indicated can
have 1 to 10 carbon atoms, or 1-6 carbon atoms, or 2-4 carbon
atoms. This term is synonymous with the term thioether linker
and includes polythioethers linkers. This term is exemplified
by groups such as —CH,SCH,—, —CH,CH,SCH,CH,—,
—CH,CH,SCH,CH,SCH,CH,— and more generally
—[(CR",),—S—],—(CR",),_, where R" is hydrogen or
alkyl, ais 1-10, b is 1-6 and c is 1-10 or more preferably a and
c are 1-4 and b is 1-3. Thioalkoxyalkylene groups may be
branched, e.g., by substitution with alkyl group substituents.
The term “dithioalkoxyalkylene” refers to a diradical of a
branched or unbranched saturated hydrocarbon chain in
which one or more —CH,— groups are replaced with
—S—S—, which unless otherwise indicated can have 1 to 10
carbon atoms, or 1-6 carbon atoms, or 2-4 carbon atoms.
Thioether linkers of this invention can be significantly longer
than n=10, n can range from 1, 2 or 3 up to 100, 200 or 300,
for example. This term is exemplified by groups such as
—CH,S—SCH,—, —CH,CH,S—SCH,CH,—,
—CH,CH,CH,—S—S—CH,CH,CH,— and more gener-
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ally —(CR",),—S—S—(CR",),, where R" is hydrogen or
alkyl, a is 1-15, and c is 1-15 or more preferably a and ¢ are
1-6. Dithioalkoxyalkylene groups may be branched, e.g., by
substitution with alkyl group substituents. Preferable dithio-
alkoxyalkylene groups have one —S—S— group.

The term “amino” refers to the group—NH, or to the group
—NRR where each R is independently selected from the
group consisting of hydrogen, alkyl, substituted alkyl,
cycloalkyl, substituted cycloalkyl, alkenyl, substituted alk-
enyl, cycloalkenyl, substituted cycloalkenyl, alkynyl, substi-
tuted alkynyl, aryl, heteroaryl and heterocyclic provided that
both R’s are not hydrogen. Unless otherwise indicated, Alkyl
groups, alkenyl groups, alkynyl groups, aryl groups and car-
bons of alkenylene groups herein can be optionally substi-
tuted with one or more amino groups, and particularly with
amine groups other than primary amine groups.

Haloalkyl refers to an alkyl group as defined herein substi-
tuted by one or more halides (e.g., F—, Cl—, I—, Br—) as
defined herein, which may be the same or different. A
haloalkyl group may, for example, contain 1-10 halide sub-
stituents. Representative haloalkyl groups include, by way of
example, trifluoromethyl, 3-fluorododecyl, 12,12,12-trifluo-
rododecyl, 2-bromooctyl, 3-bromo-6-chloroheptyl, and the
like. Haloalkyl groups include fluoroalkyl groups. Alkyl
groups, alkenyl groups, alkynyl groups, aryl groups and car-
bons of alkenylene groups herein can be optionally substi-
tuted with one or more halides and/or haloalkyl groups.

The terms alkyl, alkenyl, alkynyl, aryl, alkylene, and
arylene groups as used herein refer to both substituted and
unsubstituted groups. Alkyl, alkenyl, alkynyl, aryl, alkylene,
and arylene groups may be optionally substituted as
described herein and may contain non-hydrogen substituents
dependent upon the number of carbon atoms in the group and
the degree of unsaturation of the group. Unless otherwise
indicated substituted alkyl, alkenyl, alkynyl, aryl, alkylene,
and arylene groups preferably contain 1-10, and more pref-
erably 1-6, and more preferably 1, 2 or 3 non-hydrogen sub-
stituents. Halogens are optional substituents of functional
groups described herein and include fluorine, chlorine, bro-
mine and iodine. A preferred halogen is fluorine. Substituted
alkyl, alkenyl, alkynyl and aryl groups include haloalkyl,
haloalkenyl, haloalkynyl, and haloaryl groups as well as per-
halogenated alkyl, alkenyl, alkynyl, and aryl groups. Substi-
tuted alkyl, alkenyl, alkynyl and aryl groups include fluoro-
alkyl fluoroalkenyl, fluoroalkynyl and fluoraryl groups as
well as perfluorinated alkyl, alkenyl, alkynyl and aryl groups.
Specific halogenated substituents include triftuoromethyl
groups, pentafluoroethyl groups, and pentafluorphenyl
groups among others.

Unless otherwise stated, OH groups, alkoxy groups, thiol
groups, thialkoxy groups, nitro groups (NO,—), cyano
(NC—), isocyano (CN—), thiocyano (NCS—), isothiocyano
(SCN—), sulfuryl (SO,—) are other optional substituents of
groups described herein. Alkyl, alkenyl, alkynyl, aryl, alky-
lene and arylene groups may be substituted with one or more
of these substituents. Dependent upon the application, it may
be necessary to protect one or more of these substituents.

Those of ordinary skill in the art can readily select appro-
priate protecting groups based on what is generally known in
the art for a given application. In specific embodiments, alkyl
groups are substituted with 1-10 substituent groups (depen-
dent in part on the number of carbon atoms in the alkyl group.
In specific embodiments, alkyl groups having 1-20 or 1-10
carbon atoms are substituted with 1-3 substituent groups. In
specific embodiments phenyl groups may be substituted with
1, 2, 3, 4 or 5 substituent groups. In a specific embodiment,
alkyl groups are substituted with 1 or 2 of these substituent
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groups. In a specific embodiment, phenyl rings have a single
substituent group (e.g., a hydroxy, alkoxy, thiol, thioalkoxy,
nitro, cyano, isocyano, thiocyano, isothiocyano, or sulfuryl).
In other specific embodiments, phenyl rings have two sub-
stituent groups.

As to any of the above groups which contain one or more
substituents, it is understood, that such groups do not contain
any substitutents or substitution patterns which are sterically
impractical and/or synthetically non-feasible. In addition, the
compounds of this invention include all stereochemical iso-
mers arising from the substitution of the groups and com-
pounds noted above.

In general any anions can be employed in the formation of
salts of this invention. Acceptable anions include halides,
sulfate, carboxylates, acetates, phosphate, nitrate, trifluoro-
acetate, glycolate, pyruvate, oxalate, malate, succinicate,
acid, fumarate, tartarate, citrate, benzoate, methanesulfonate,
ethanesulfonate, p-toluenesulfonate, salicylate and the like.
For certain applications pharmaceutically acceptable salts,
which are recognized in the art, may be preferred.

In this application the terms “orthogonal” or “orthogonal
reactivity” relate generally to the relative reactivity of func-
tional groups under selected reaction conditions (solvent, pH,
temperature, etc.) One functional group has reactivity that is
orthogonal to that of a second functional group, when the first
functional group does not exhibit any measurable reactivity
under conditions when the second functional group does react
typically with respect to the same reactant or reaction and
under the same reaction conditions. It will be appreciated that
two groups may be orthogonal only under certain reaction
conditions.

More specifically, the terms are used to define functional
groups that are appropriate for use in chemical species and
reagents of this invention which contain hydrazine groups.
The hydrazine groups in the chemical species and reagents of
this invention are intended to selectively react with thioester
groups, particularly those in proteins and peptides, under
certain conditions (particularly in aqueous or wet solvents at
about pH 7 at physiologically acceptable temperatures.) Pre-
ferred functional groups that exhibit reactivity orthogonal to
hydrazine groups are those which do not react with thioesters
under the selected conditions used for functionalization of
proteins and peptides with the hydrazine-containing species
of this invention.

Bifunctional reagents herein contain a hydrazine group and
a second reactive functional group exhibiting orthogonal
reactivity to that of the hydrazine group. The second func-
tional group is intended to provide for ligation to additional
chemical species, for example, for immobilization to sur-
faces. Exemplary second functional groups are azido, alk-
enyl, alkynyl, nitrile and tetrazole groups. Bifunctional
reagents herein preferably contain only those functional
groups which exhibit reactivity orthogonal to hydrazine and
the second functional group (under the reaction conditions
selected for use in the methods herein). It is preferred that the
compounds and reagents of this invention which are
employed for functionalization of peptides and proteins do
not contain functional groups, other than hydrazine and the
second reactive functional group, if present, that themselves
react with the peptide or protein.

Functional groups that may exhibit undesired reactivity
can be protected with appropriate protecting groups as is
known in the art. A large amount of information is known in
the art concerning the use of protecting groups. One of ordi-
nary skill in the art will be aware of this information and will
be capable of selecting appropriate protecting groups for a
given application. Further, if necessary, methods for deter-
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mining whether or not a given protecting group will function
for a given application under selected reaction conditions are
known and available in the art and such determinations can be
accomplished by routine experimentation.

While it is preferred that orthogonal functional groups do
not exhibit any measurable level of reactivity with the
thioesters herein under the selected conditions for function-
alization relatively low amounts of undesired reaction may
occur without significant detriment to the methods herein. A
functional group which may show such insignificant low
levels of undesired reactivity is described herein as “substan-
tially orthogonal.”

A large amount of information is known in the art concern-
ing the relative reactivity of different functional groups. One
of'ordinary skill in the art of organic and bioorganic chemistry
will be aware of this information and be capable of choosing
functional group that generally exhibit desired reactivity (or
do not exhibit undesired reactivity.) Further, methods for
determining the relative reactivity of different functional
groups under selected reaction conditions are known and
available in the art and such relative reactivity can be assessed
by routine experimentation.

Compounds and reagents of this invention can be prepared
in view of the specific descriptions provided herein and what
is known in the art or by routine adaptation of such methods
in view of the disclosures herein.

The compounds of this invention may contain one or more
chiral centers. Accordingly, this invention is intended to
include racemic mixtures, diastereomers, enantiomers and
mixture enriched in one or more stereoisomer. The scope of
the invention as described and claimed encompasses the race-
mic forms of the compounds as well as the individual enan-
tiomers and non-racemic mixtures thereof.

When a group of substituents is disclosed herein, it is
understood that all individual members of that group and all
subgroups, including any isomers, enantiomers, and diaste-
reomers of the group members, are disclosed separately.
When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure.

A number of specific groups of variable definitions have
been described herein. It is intended that all combinations and
subcombinations of the specific groups of variable definitions
are individually included in this disclosure. When a com-
pound is described herein such that a particular isomer, enan-
tiomer or diastereomer of the compound is not specified, for
example, in a formula or in a chemical name, that description
is intended to include each isomers and enantiomer of the
compound described individual or in any combination.

Additionally, unless otherwise specified, all isotopic vari-
ants of compounds disclosed herein are intended to be
encompassed by the disclosure. For example, it will be under-
stood that any one or more hydrogens in a molecule disclosed
can bereplaced with deuterium or tritium. Isotopic variants of
a molecule are generally useful as standards in assays for the
molecule and in chemical and biological research related to
the molecule or its use. Isotopic variants, including those
carrying radioisotopes, may also be useful in diagnostic
assays and in therapeutics. Methods for making such isotopic
variants are known in the art. Specific names of compounds
are intended to be exemplary, as it is known that one of
ordinary skill in the art can name the same compounds dif-
ferently.

Many of the molecules disclosed herein contain one or
more ionizable groups [groups from which a proton can be
removed (e.g., —COOH) or added (e.g., amines) or which
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can be quaternized (e.g., amines)]. All possible ionic forms of
such molecules and salts thereof are intended to be included
individually in the disclosure herein. With regard to salts of
the compounds herein, one of ordinary skill in the art can
select from among a wide variety of available counterions
those that are appropriate for preparation of salts of this
invention for a given application. In specific applications, the
selection of a given anion or cation for preparation of a salt
may result in increased or decreased solubility of that salt.

Every formulation or combination of components
described or exemplified herein can be used to practice the
invention, unless otherwise stated.

Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composition
or concentration range, all intermediate ranges and sub-
ranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure. It will be
understood that any subranges or individual values in a range
or subrange that are included in the description herein can be
excluded from the claims herein.

All patents and publications mentioned in the specification
are indicative of the levels of skill of those skilled in the art to
which the invention pertains. References cited herein are
incorporated by reference herein in their entirety to indicate
the state of the art as of their publication or filing date and it
is intended that this information can be employed herein, if
needed, to exclude specific embodiments that are in the prior
art. For example, when compositions of matter are claimed, it
should be understood that compounds known and available in
the art prior to Applicant’s invention, including compounds
for which an enabling disclosure is provided in the references
cited herein, are not intended to be included in the composi-
tion of matter claims herein.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each
instance herein, the broad term “comprising” is intended to
encompass and provide support for the terms “consisting
essentially of” and “consisting of.” The invention illustra-
tively described herein suitably may be practiced in the
absence of any element or elements, limitation or limitations
which is not specifically disclosed herein.

One of ordinary skill in the art will appreciate that starting
materials, biological materials, reagents, synthetic methods,
purification methods, analytical methods, assay methods, and
biological methods other than those specifically exemplified
can be employed in the practice of the invention without
resort to undue experimentation. All art-known functional
equivalents, of any such materials and methods are intended
to be included in this invention. The terms and expressions
which have been employed are used as terms of description
and not of limitation, and there is no intention that in the use
of'such terms and expressions of excluding any equivalents of
the features shown and described or portions thereof, but it is
recognized that various modifications are possible within the
scope of the invention claimed. Thus, it should be understood
that although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.
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All references cited herein are hereby incorporated by ref-
erence to the extent that there is no inconsistency with the
disclosure of this specification. Some references provided
herein are incorporated by reference to provide details con-
cerning sources of starting materials, additional starting
materials, additional reagents, additional methods of synthe-
sis, additional methods of analysis, additional biological
materials, additional nucleic acids, chemically modified
nucleic acids, additional cells, and additional uses of the
invention.

THE EXAMPLES
Example 1

Identification of the Optimal Nucleophile for
Thioesters

To identify the optimal nitrogen nucleophile for a thioester,
kinetic studies were performed on a model chromogenic
thioester: AcGlySC H,-p-NO,. The rate of release of the
thiophenolate anion was monitored by measuring the change
in absorbance at 410 nm (Scheme 1). Nitrogen nucleophiles
with conjugate-acid pK, values ranging from 4.6 to 10.6
(Table 1) were used in the experiments. The logarithmic val-
ues of the second-order rate constants (k,) of the unproto-
nated primary amines were plotted against the pK , values of
their conjugate acids to yield the Brensted plot shown in FIG.

2A. The data were fitted to the equation!*®):

log ky=log(AB)+(B+B"pK,~log(410PPXasB10PPKs) 45
Ineq 1, A and B are constants, f' is the slope ofthe former part
of the Bronsted plot, and f3 is the slope of the latter part.

TABLE 1

Nucleophiles used in this study
and the pK_ values of their conjugate acids.

Nucleophile pK,

CH,ONH, 460221
F3CCH,NH, 5.401231
C,HsO(0)CCH,NHNH, 6.451241
CH,0(0)CCH,NH, 7751221
CH,NHNH, 7.87121
FCH,CH,NH, 9.191231
HOCH,CH,NH, 9.50221
CH,CH,NH, 10.631221

The Brensted plotin FIG. 2a is biphasic. The slope changes
from 0.81 with nucleophiles of low pKa to 0.42 with nucleo-
philes of high pKa. This change is due to the known change in
rate-determining step from the formation of a tetrahedral
zwitterionic intermediate to the decomposition of the inter-
mediate into products [26-28]. The value of the slope
obtained ($'=0.81) is in agreement with that for the aminoly-
sis of oxygen esters [29]. As expected [30], “a-effect” nucleo-
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philes (alkoxy amines, c.-hydrazino acetyl, and alkyl hydra-
zine) exhibit much greater nucleophilicity than that predicted
from their pKa values. In water, the a-eftect could arise from
the nucleophile being less solvated and hence more reactive
because of the inductive withdrawal of electrons by the adja-
cent heteroatom [31].

The Brensted plot reports on the nucleophilicity of unpro-
tonated (that is, neutral) amines. According to FIG. 2a, the
best nucleophile for thioesters in an environment in which all
the amines are deprotonated is ethyl amine. Indeed, other
simple amines have been used in tandem with a small-mol-
ecule thiol to modify an intein-derived thioester [8]. At the
high pH necessary to deprotonate an amine, however,
thioesters are prone to undergo hydrolysis [9]. Moreover,
proteins are subject to unfolding and subsequent aggregation
at high pH values [32]. Performing the reaction at pH 7.0
provides an acceptable trade-off between deprotonation of
the nitrogen nucleophile and hydrolysis of the thioester. Data
on the first-order rate constant (k1) for the reaction of various
nitrogen nucleophiles at pH 7.0 under pseudo-unimolecular
reaction conditions are shown in FIG. 25. At pH 7.0, the
a-hydrazino acetyl and alkyl hydrazine functionalities are
much more nucleophilic than are the simple amines and
alkoxy amine (e.g., 30- and 100-fold greater k1 value than
ethyl amine, respectively), and are therefore the optimal
nucleophiles for reacting with a thioester to form a stable
linkage.

Jencks [29,33], Bruice [30], Castro [28,34] and others have
reported in detail on the mechanism and kinetics of the
nucleophilic attack on esters and, to a lesser extent, thioesters.
This previous work was not, however, performed with the
intent of making a stable linkage with a bifunctional reagent.
For example, hydroxylamine was identified in 1950 as an
exceptional nucleophile for a thioester [35]. Indeed, this
attribute of hydroxylamine has led to its use in revealing
transient thioesters formed during intein-mediated protein
splicing [36]. The cleavage of thioesters by hydroxylamine
relies, however, on the formation of an O-acylated hydroxy-
lamine intermediate [37] that is inaccessible during the attack
of an alkoxy amine on a thioester. Accordingly, an alkoxy
amine is not an especially potent nucleophile for a thioester
(FIG. 2).

Example 2

Synthesis of Bifunctional Azides

After identification of two optimal nucleophiles, we pro-
ceeded to synthesize two bifunctional reagents bearing those
nucleophiles on one end and an azido group on the other.
Azides 1 and 2 are both amides of 1-azido-2-aminoethane.
Azide 1 has an a-hydrazino acetamido group, which is amore
stable analog of the a-hydrazino acetyl group of C,H;0(O)
CCH,NHNH, (Table 1; FIG. 2); azide 2 has a y-hydrazino
acetamido group and is effectively an alkyl hydrazine.

Scheme 2. Synthetic route to azide 1.

NaN;, DMF
110° C.
80%

4N HCl

o llOO%
in dioxane
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Azide 1 was synthesized by the route in Scheme 2. Briefly,
Boc-protected 1-azido-2-aminoethane was synthesized from
Boc-protected 1-bromo-2-aminoethane. After Boc-deprotec-
tion, the amine was coupled to tri-Boc-protected a-hydrazino
acetic acid. The Boc groups were removed, and azide 1 was

25

isolated as a free base after cation-exchange chromatography 3°

with an overall yield of 72%.

1. 03, Me,$
CH2c12, -78° C.

)k/

tBuO

MOH

63% (2 steps)

CF;C0,H
_ CHCh

H
N ~“T1o0%

O
N3
- \/\)J\g/\/

CF;CO,H-ILN

2

Azide 2 was synthesized by the route in Scheme 3. Briefly,
4-pentenoic acid was subjected to ozonolysis, and the result-
ing aldehyde was reacted in-situ with Boc-protected hydra-
zine. The azido group was installed by coupling 1-azido-2-
aminoethane (4) to the carboxylic acid. The hydrazone was
then reduced selectively with NaCNBH,. The Boc group was
removed to produce azide 2 as its trifluoroacetic acid (TFA)
salt with an overall yield of 26% (which includes the 80%
yield for the synthesis of azide 3). Attempts to produce the
free hydrazine base by cation-exchange chromatography

Ao M

4. PyBOP, EN
_ CHCL/DMF

75%

O [0}
)J\ NM Ns
BuO g/ x g/\/

8

‘70%
tBuO)I\ \/\)J\ /\/N3

9

NaCNBH;
AcOH

resulted in decomposition of the molecule by an (as yet)
unknown mechanism. Likewise, the TFA salt was unstable
even upon storage under vacuum, and hence was used imme-
diately after its synthesis.

Hetero bifunctional reagent 100 was prepared as illustrated
in Scheme 5. In this reagent the hydrazine group and the azido
group are separated by an ether linker, specifically a triethyl-
ene glycol spacer. The illustrated method can also be
employed to prepare reagents having a polymeric PEG or
Pegylated linker.

60

65



US 8,242,058 B2

Scheme 5
1. Et3N, MsCl
HOMOWOH 2 NalYs
3 45% (2 steps)

)
HN )j\ ><
N 0
H

26

HO/\/é O% N;

3

CH;3SOCH3
(COCl),
Et;N
82%

ON O\/t\ Ns

><o\ﬂ/ N\N /\/éo\/i\N3

BH;*THF
32% (not opimized)

4N HClI
dioxane
100%

Example 3
Kinetics of Thioester Cleavage

Kinetic studies were performed by reacting azides 1 and 2
with a model chromogenic thioester (Scheme 1).

Scheme 1. Cleavage reaction of a model chromogenic thioester.

NO,
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H buffer
N
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g
O
H
M
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(@]
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The rate constants (k, and k, ) for azide 1 were found to be
indistinguishable from those of the a-hydrazino acetyl group.
The rate constants for azide 2 were, surprisingly, much lower
than those of methylhydrazine. This result is contrary to our
finding that methyl hydrazine is a somewhat better nucleo-
phile than the a-hydrazino acetyl functional group (FIG. 2).
The intrinsic instability of azide 2 is likely to be responsible
for this apparent decrease in reactivity.

Example 4
Production of an Azido-Protein
Next, we sought to use our bifunctional reagents to install
an azido group at the C terminus of a model protein. As our

protein, we chose bovine pancreatic ribonuclease (RNase A),
which has been the object of much seminal work in protein
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chemistry [38] and has been manipulated previously with
expressed protein ligation [39-41]. RNase A has valine as its
C-terminal residue. A valine residue at the C terminus of a
target protein is known to have a debilitating effect on the
cleavage efficiency of protein-intein thioesters [12,42]. To
avert this problem, we inserted a glycine residue between the
C terminus of RNase A and the intein. The resulting Met(-1)
RNase A-Gly-mxe intein-chitin-binding domain fusion pro-
tein (MW ~36 kDa) was produced in E. co/i, and the cell
lysate was loaded onto chitin resin. Azides 1 and 2 were used
to induce the on-resin cleavage of the fusion protein. As
expected from the kinetic studies, azide 1 was found to be
much more effective than azide 2 in cleaving the Met(-1)
RNase A-Gly-mxe intein thioester. Its shorter and higher
yielding synthesis, superior stability, and higher cleavage
efficiency makes azide 1 the optimal bifunctional reagent for
the semisynthesis of proteins labeled with the azido group.
The purity of the azido-RNase A (even upon elution from the
chitin column) was apparent from SDS-PAGE analysis (FIG.
3A); the integrity of the azido-RNase A was verified by using
MALDI-TOF mass spectrometry (FIG. 3B). This procedure
produced an overall yield of ~1 mg of purified azido-RNase A
per liter of E. coli culture.

Incubating a protein with a potent nucleophile, such as the
a-hydrazino acetamido group of azide 1, could compromise
the structure of the protein. For example, the target protein in
this study has 142 amide bonds in its main chain and side
chains that could be attacked by the a-hydrazino acetamido
group, but only one thioester bond. In addition, the target
protein has eleven amino groups that could serve as intramo-
lecular nucleophiles for that thioester bond. Enzymatic
catalysis provides an extremely sensitive measure of native
protein structure [43]. This measure is especially useful for
detecting the inadvertent modification of RNase A, as one of
its eleven amino groups is both especially reactive and critical
for enzymatic activity [38,44]. Purified azido-RNase A had
k_,/K,~(3.2+1.0)x10” M~*s~! for the cleavage of RNA. This
value was in gratifying agreement with that of the wild-type
enzyme, which had k_,/K,,~(5.220.4)x107 M~'s~! [#3]

The o-hydrazino acetamido group was found to be the
optimal nitrogen nucleophile for producing azido-proteins.
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Still, a 450 mM solution of azide 1 was needed to produce the
desired hydrazide product. Using lower concentrations lead
to hydrolyzed protein (that is, the protein with a C-terminal
carboxyl group) being a dominant product. In contrast, a 50
mM solution of thiol typically suffices for transthioesterifi-
cation during expressed protein ligation [11]. The resulting
thioester must then, however, react with a peptide (present in
vast excess) that contains an N-terminal cysteine residue [12.
13]. The ability to obtain an azido-protein in a single step by
on-resin cleavage and the absence of the residual sulthydryl
group installed during expressed protein ligation are notewor-
thy advantages of the inventive strategy (FIG. 1). These
attributes are of particular importance for high-throughput
procedures, such as the fabrication of protein microarrays
[46].

Example 5

Huisgen 1,3-dipolar Cycloaddition to an
Azido-Protein

For our strategy to be useful, the azido group in azido-
RNase A must be available for further reaction. We used a
chemoselective reaction, Cu(l)-catalyzed Huisgen 1,3-dipo-
lar azide-alkyne cycloaddition [18,47,48], to probe for the
availability of the azide functionality. To effect this “func-
tional group test”, alkynyl fluorescein 10 was synthesized by
the route in Scheme 4. Azido-RNase A was reacted with 10 in
the presence of the Cu(l) catalyst and its polytriazole ligand
[48]. The resulting protein had a molecular mass of
m/7=14449, which agreed well with that expected for the
conjugate ([Cg,  Ho36N; 20050, S:5]=14424). The protein was
also subjected to SDS-PAGE and visualized by staining with
Coomassie blue and fluorescence imaging. The azido-RNase
A was found to be fluorescent as a result of the cycloaddition,
whereas wild-type RNase A treated in the same manner was
not fluorescent (FIG. 4). Neither the mass spectrum nor the
SDS-PAGE gel showed evidence of cleavage products, as
have been observed in an azido-protein exposed to reducing
agents [49]. Thus, an azido group was not only installed into
a specific site on RNase A, but also was available for reaction.
In on-going work, the Staudinger ligation [19] is being used
for the site-specific immobilization of proteins produced by
the novel route shown in FIG. 1.

Scheme 4. Synthetic route to alkynyl fluorescein 10.
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-continued
O

x
l CO,H
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The chromogenic thioester AcGlySCH,-p-NO, was a
generous gift from Dr. B. L. Nilsson,[**! and was purified by
re-crystallization from methylene chloride and stored in a
tightly sealed vial in a desiccator to prevent hydrolysis due to
moisture present in air. Fluorescein-NHS ester was a gener-
ous gift from L. D. Lavis. All other chemicals were commer-
cial reagent grade or better, and were used as received except
for benzyl azide, which was purified by flash chromatography
before use. Anhydrous THF, DMF, and CH,Cl, were
obtained from a CYCLE-TAINER® solvent delivery system
(J. T. Baker, Phillipsburg, N.J.). Other anhydrous solvents
were obtained in septum-sealed bottles. Synthetic reactions
were monitored by thin-layer chromatography (TLC) with
visualization by UV-light or staining with vanillin, ninhydrin,
or L,. Inall reactions involving anhydrous solvents, glassware
was flame-dried. Flash chromatography was performed with
columns of silica gel 60, 230-400 mesh (Silicycle, Quebec
City, Quebec, Canada).

Example 6
Experimental Detail for Examples 1-5

Instrumentation: A Cary Model 3 UV/VIS spectrophotom-
eter (Varian, Palo Alto, Calif.) was used to perform kinetic
assays and measure ultraviolet absorbance. NMR spectra
were acquired with a Bruker AC+ 300 spectrometer (*H: 300
MHz, '*C: 75 MHz) at the Magnetic Resonance Facility in
the Department of Chemistry or (as indicated) Bruker DMX-
400 Avance spectrometer (1H: 400 MHz, *>C: 100 MHz) at
the National Magnetic Resonance Facility at Madison (NM-
RFAM). Carbon-13 spectra were proton-decoupled. Mass
spectra on small organic molecules were obtained with elec-
trospray ionization (ESI) techniques. Mass spectra of pro-
teins were obtained with matrix-assisted laser desorption ion-
ization-time-of-flight (MALDI-TOF) mass spectrometry
using a Voyager-DE-PRO Biospectrometry workstation (Ap-
plied Biosystems, Foster City, Calif.) and a 3,5-dimethoxy-
4-hydroxycinnamic acid (sinapinic acid) matrix (Aldrich).
Fluorescence measurements were made with a QuantaMaster
1 photon counting fluorometer equipped with sample stirring
(Photon Technology International, South Brunswick, N.J.). A
Typhoon 9410 variable mode fluorimager (Amersham Bio-
sciences) was used to visualize fluorescein-labeled protein
after SDS-PAGE.

Kinetics of thioester cleavage: AcGlySCH,-p-NO, was
dissolved in anhydrous acetonitrile to a concentration of 0.45
mM and used immediately. Amine solutions (except
CF;CH,NH,.HCl) were prepared by dissolving the amine
hydrochloride salts in 0.10 M sodium phosphate buffer at pH
7.0 to a concentration of 0.15 M. Reaction mixtures were
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prepared in a 1,1-mL volume and equilibrated at 25° C. All
reactions contained =0.3% v/v acetonitrile. The ionic
strength of each reaction mixture was 1=0.22-0.25. All reac-
tions were carried out with a large excess of amine and fol-
lowed pseudo-first-order kinetics. In a cuvette containing
0.10 M sodium phosphate buffer at pH 7.0 (967 uL.), amine
solution (0.15 M, 100 uL.) was added and the absorbance at
410 nm was adjusted to zero. The thioester (33 ul of a 0.45
mM solution in acetonitrile) was then added to the cuvette,
and the absorbance at 410 nm was monitored with time (e=11,
230 M~'cm™! for p-nitrothiophenolate anion [40]). The pK,
of HSC H,-p-NO, is 4.77 in 40% v/v ethanol in water [50].
This value is likely to be lower in an aqueous buffer, such that
the ionization of the p-nitrothiophenol product is virtually
complete in all our assays. The final concentration of the
thioester in the reaction was 13.64 uM and the final concen-
tration of the amines (except CF;CH,NH,.HCI) was 13.64
mM. Each reaction was performed in triplicate. The reactions
were allowed to go to completion, and thet, , was determined
from the kinetic trace. The t,,, was corrected by subtracting
the t, , for hydrolysis from the observed value. Pseudo-first-
order rate constants were calculated by using the equation
k,=0.693/t, ,. Second-order rate constants were obtained by
dividing each observed first-order rate constant by the con-
centration of free amine. Logarithmic values of second-order
rate constants were plotted against the pK, values of the
conjugate acids of the respective amines to yield a Brensted
plot.

Kinetics of Thioester Cleavage by CF;CH,NH,: The pro-
cedure for the kinetics of thioester cleavage (vide supra) was
found to be problematic for CF;CH,NH, because this amine
is a poor nucleophile at pH 7.0. Indeed, the rate of hydrolysis
was found to be greater than the rate of aminolysis by
CF;CH,NH, under standard reaction conditions. Using a
higher concentration of the hydrochloride salt (40.92 mM)
resulted in the changing of the final reaction pH to 5.8. Using
a higher buffer concentration was not ideal, as that would
increase the ionic strength to a much value much larger than
that in other reaction mixtures. To overcome these problems,
the reaction with CF,CH,NH, was carried out using 40.92
mM CF,;CH,NH,.HCI and allowing the pH of the reaction
mixture to decrease to 5.8. The observed t,, was corrected by
subtracting the t, , for hydrolysis at pH 5.8. The second-order
rate constant was calculated by accounting for the concentra-
tion of free amine at pH 5.8, and the resulting value was used
in the Brensted plot. The first-order rate constant thus
obtained was not compared to those for the other nucleo-
philes.

Synthesis of BocNHCH,CH,N; (3): BocNHCH,CH,Br
(10.00 g, 44.62 mmol) was dissolved in DMF (200 mL).
NaNj; (14.48 g, 223.1 mmol) was added, and the mixture was
stirred at 110° C. for 12 h. The solvent was removed under
reduced pressure, and the residue was dissolved in water (200
mL). The resulting aqueous solution was extracted with ethyl
acetate (2x200 mL). The organic layers were combined and
dried over anhydrous MgSO,(s). After filtering, the organic
layer was concentrated under reduced pressure and the resi-
due was dissolved in methylene chloride (10-20 mL.) and
purified by flash chromatography (silica gel, methylene chlo-
ride). BocNHCH,CH,N; (6.60 g, 80%) was isolated as a
colorless oil. HRMS (ESI) [M+Na]* caled for
C,H,,N,O,Na, 209.1014; found, 209.1010; 'H NMR (400
MHz, CDCl,) d 4.88 (bs, 1H), 3.42 (t, J=5.3 Hz, 2H), 3.34-
3.26 (m, 2H), 1.45 (s, 9H); '*C NMR (100 MHz, CDCl,) &
155.8,79.8,51.4,40.2, 28.5.

Synthesis of (Boc),NN(Boc)CH,CONHCH,CH,N; (5):
HCIL.H,NCH,CH,Nj (4) was synthesized by dissolving azide
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3(2.11 g, 11.33 mmol) in 4 N HCl in dioxane (100 m[.) and
stirring at room temperature for 1 h. The solvent was removed
under reduced pressure to give a dirty white powder. (Boc),
NN(Boc)CH,CO,H (4.42 g, 11.33 mmol) was then added,
and the mixture was dissolved in methylene chloride/DMF
(70:45 mL). The mixture was cooled to 0° C., and PyBOP (5.9
g, 11.33 mmol) and Et;N (3.2 mL, 22.66 mmol) were added.
The reaction mixture was allowed to warm to room tempera-
ture and stirred under Ar(g) for 21 h. The solvent was removed
under reduced pressure, and the residue was purified by flash
chromatography (silica gel, 50% v/v ethyl acetate in hexanes)
to give (Boc),NN(Boc)CH,CONHCH,CH,Nj as a colorless
viscous oil (4.9 g, 95%). HRMS (ESI) [M+Na]* calcd for
C,oH,;,N,O,Na, 481.2387; found, 481.2389; 'H NMR (400
MHz, CDClj;, 2 rotamers) d 8.51 and 8.27 (bs, 1H), 4.06 and
3.99 (s, 2H), 3.49-3.40 (m, 4H), 1.56-1.44 (m, 27H); '°C
NMR (100 MHz, CDCl,, 2 rotamers) 8 169.5, 169.2, 154.0,
153.5,151.4, 151.2, 85.2, 85.1, 83.5, 82.8, 56.5, 54.8, 50.6,
38.9,34.1,29.9,282,28.1.

Synthesis of H,NNHCH,CONHCH,CH,N; (1): Azide 5
(4.66 g, 10.17 mmol) was dissolved in 4 N HCl in dioxane
(200 mL), and the solution was stirred at room temperature
for 5 h. Solvent was removed under reduced pressure, and the
residue was dissolved in water (15 mL) and purified by cat-
ion-exchange chromatography (Dowex SOWX8-200 ion-ex-
change resin, 1 M NH,OH) to give
H,NNHCH,CONHCH,CH,N; asayellow oil (1.52 g, 95%).
HRMS (ESI) [M+Na]* caled for C,H,,N,ONa, 181.0814;
found, 181.0805; "HNMR (300 MHz, d-DMSO) 8 8.03 (app
bs, 1H), 3.80-3.40 (bs, 3H), 3.40-3.34 (m, 2H), 3.32-3.24 (m,
2H), 3.16 (s, 2H); >°C NMR (75 MHz, d,-DMSO) 8 171.2,
57.1, 50.0,37.8.

Synthesis of BocNHN—CHCH,CH,CO,H (7): 4-Pen-
tenoic acid (10.00 g, 99.88 mmol) was dissolved in methylene
chloride (150 mL), and the mixture was cooled to -78° C.
under N,(g). Ozone was bubbled through the reaction mix-
ture, and the course of the reaction was monitored by TLC.
After TLC showed disappearance of the starting material (ca.
2.5h), methyl sulfide (15.0mL, 205.23 mmol) was added and
the reaction mixture was allowed to warm to room tempera-
ture. Subsequently, solvent was removed under reduced pres-
sure, and the residue was dissolved in THF (200 mL). Boc-
NHNH, (13.2 g, 99.88 mmol) was then added, and the
reaction mixture was refluxed overnight under Ar(g). Solvent
was removed under reduced pressure, and the residue was
purified by flash chromatography (silica gel, 6% v/v methanol
in methylene chloride) to give BocNHN—CHCH,CH,CO,H
as a white solid (13.60 g, 63%). HRMS (ESI) [M-H]~ calcd
for C,H,.N,O,, 215.1032; found, 215.1035; *H NMR (300
MHz,ds-DMSO) § 12.16 (s, 1H), 10.45 (s, 1H), 7.30 (app bs,
1H), 2.45-2.30 (m, 4H), 1.41 (s, 9H); '*C NMR (100 MHz,
ds-DMSO) § 173.5,152.4, 145.6, 78.9,30.4, 28.1, 27 2.

Synthesis of BocNHN—CHCH,CH,CONHCH,CH,N,
(8): HCI H,NCH,CH,N, (4) was synthesized as described
earlier. Compound 7 (4 g, 185 mmol) and
HCL.H,NCH,CH,N; (2.27 g, 18.5 mmol) were dissolved in
methylene chloride/DMF (180:70 mL). The mixture was
cooledto 0° C.,and PyBOP (9.63 g, 18.5 mmol) and Et;N (20
ml, 142.8 mmol) were then added. The reaction mixture was
allowed to warm to room temperature and stirred for 21 h.
Solvent was removed under reduced pressure, and the residue
was purified by flash chromatography (silica gel, ethyl
acetate). BocNHN—CHCH,CH,CONHCH,CH,N; was
obtained as a white solid (3.94 g, 75%). HRMS (ESI)
[M+Na]* caled for C,H,,NcO;Na, 307.1495; found,
307.1494; 'H NMR (300 MHz, d;-DMSO) 8 10.43 (bs, 1H),
8.13 (t, J=5.3 Hz, 1H), 7.28 (app bs, 1H), 3.33 (t, J=5.7 Hz,
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2H), 3.28-3.19 (m, 2H), 2.4-2.3 (m, 2H), 2.29-2.22 (m, 2H),
1.41 (s, 9H); '*C NMR (100 MHz, d,-DMS0) 8 171.6, 152.5,
146.1,79.0, 50.0, 38.3, 32.1, 28.2, 27.8.

Synthesis of BocNHNHCH,CH,CH,CONHCH,CH,N,
(9): Compound 8 (1.12 g, 3.9 mmol) was dissolved in aceto-
nitrile (27 mL), and acetic acid (3.7 mL). NaCNBH, (1.11 g,
16.75 mmol) was added to the resulting solution. The reaction
mixture was stirred at room temperature for 3 h. Solvent was
removed under low pressure, and the residue was dissolved in
water (45 mL). The pH of the solution was increased to 13.0
by adding 10 N NaOH, and the aqueous solution was
extracted with ether (3x45 mL) and then methylene chloride
(50 mL). The organic layers were combined and dried over
anhydrous MgSO,(s). After filtering, the organic layer was
concentrated under reduced pressure, and the residue was
purified by flash chromatography (silica gel, 2% v/v methanol

in methylene chloride) to give
BocNHNHCH,CH,CH,CONHCH,CH,Nj as a colorless oil
(0.78 g, 70%). HRMS (ESI) [M+Na]* caled for

C,,H,,N40;Na, 309.1651; found, 309.1641; 'H NMR (300
MHz, d,-DMSO, 2 rotamers) & 8.15 (bs, 1H), 8.09-7.90 (m,
1H), 4.34 (bs, 1H), 3.32 (t, J=5.7 Hz, 2H), 3.26-3.18 (m, 2H),
2.66-2.53 (m, 2H), 2.22-2.07 (m, 2H), 1.64-1.48 (m, 2H),
1.46-1.22 (m, 9H); '*C NMR (100 MHz, d,-DMSO, 2 rota-
mers) 8 172.5,156.4,78.2,56.1, 54.9, 50.4, 50.0, 38.2, 33.0,
28.2,23.5,22.9.

Synthesis
CF,CO,H.H,NNHCH,CH,CH,CONHCH,CH,N,(2):
Compound 9 (197.8 mg, 0.69 mmol) was dissolved in meth-
ylene chloride (6.4 mL), and trifluoroacetic acid (6.4 ml.) was
added to the resulting solution. The reaction mixture was
stirred at room temperature for 15 min. Solvent was removed
under reduced pressure to afford
CF,CO,H.H,NNHCH,CH,CH,CONHCH,CH,N, as a yel-
low oil (130 mg, 100%). HRMS (ESI) [M+H]" calcd for
CsH,sN,O, 187.1307; found, 187.1299; 'H NMR (400 MHz,
ds-DMSO) 0 8.19 (t, J=4.8, 1H), 7.9-5.5 (bs, 3H), 3.34 (1,
J=5.8, 2H), 3.28-3.20 (m, 2H), 2.89 (t, J=7.5 Hz, 2H), 2.21-
2.11 (m, 2H), 1.85-1.68 (m, 2H); >C NMR (100 MHz,
ds-DMSO) 6 171.9, 50.1, 50.0, 38.2, 32.2, 21.0.

Synthesis of alkynyl fluorescein 10: Fluorescein-NHS
ester (100 mg, 0.21 mmol) was dissolved in THF (10 mL) and
propargylamine (23.27 mg, 0.42 mmol) was added. The reac-
tion mixture was stirred at room temperature for 4 h. Solvent
was removed under reduced pressure, and the residue was
purified by flash chromatography (silica gel, 35% v/v hexanes
in ethyl acetate containing 1% v/v AcOH) to give the desired
product as a red solid (72.80 mg, 84%). HRMS (ESI)
[M+Na]* caled for C,,H,;NOgNa, 436.0797; found,
436.0777; "H NMR (400 MHz, d,-DMSO) 8 10.20 (bs, 2H),
9.31 (t,J=5.1 Hz, 1H), 8.47 (s, 1H), 8.25 (dd, J=7.9, 1.4 Hz,
1H), 7.39 (d, 8.3 Hz, 1H), 6.68 (d, J=2.3 Hz, 2H), 6.59 (d,
J=8.6 Hz, 2H), 6.54 (dd, J=8.7, 2.3 Hz, 2H), 4.11 (dd, J=5.3,
2.2 Hz, 2H), 3.17 (t, J=2.5 Hz, 1H); *C NMR (100 MHz,
ds-DMSO) 0 168.1,164.4,159.7,154.8,151.9, 135.5, 134.7,
129.2, 126.7, 124.4, 123.5, 112.8, 109.1, 102.3, 83.8, 81.0,
73.1, 28.8.

Synthesis of polytriazole ligand: A polytriazole ligand for
the Cu(l) catalyst was synthesized essentially as described.
8] Tripropargyl amine (0.56 g, 4.28 mmol) was dissolved in
acetonitrile (5.7 mL), and benzyl azide (2 g, 15.02 mmol) and
2,6-lutidine (0.46 g, 4.28 mmol) were added to the resulting
solution. The reaction mixture was cooled to 0° C., and
Cu(CH;CN), PF, (81.25 mg, 0.22 mmol) was added. The
reaction mixture was allowed to warm to room temperature
and stirred under Ar(g) for 2% days. The reaction mixture was
filtered, and the white precipitate obtained was dried under
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high vacuum to yield the polytriazole ligand (0.34 g, 15%).
HRMS (ESI) [M+Na]* caled for C,,H;,N, Na, 553.2553;
found, 553.2570; "H NMR (400 MHz, CDC15) 8 7.66 (s, 3H),
7.40-7.20 (m, 15H), 5.50 (s, 6H), 3.70 (s, 6H); "*C NMR (100
MHz, CDCl,) 6 134.8,129.2,128.8, 128.1,123.9,54.2,47 2.

Production of RNase A-intein-chitin-binding domain
fusion protein. A plasmid that directs the expression of an
RNase A-mxe intein-chitin-binding domain fusion protein
was a generous gift from U. Arnold. A glycine codon was
introduced between the RNase A and the mxe intein genes
using the QuickChange site-directed mutagenesis kit from
Stratagene (Lalolla, Calif.). The resulting plasmid, pJKO1,
was transformed into E. coli BL.21 (DE3) cells, and the pro-
duction of Met(-1)RNase A-Gly-intein-chitin binding
domain fusion protein was induced as described previously
[41].

Production of azido-ribonuclease A: Cells were resus-
pended in 20 mM 3-(N-morpholino)propane sulfonic acid
(MOPS)-NaOH buffer at pH 6.8 containing NaCl (0.50 M),
ethylenediaminetetraacetic acid (EDTA; 0.10 mM), and Tri-
ton X-100 (0.1% v/v). Cells were lysed with a French pres-
sure cell, and the cell lysate was subjected to centrifugation at
15,000 g for 30 min. The supernatant was diluted to a final
volume of 25 mL (per g of cells) and applied (flow rate: 0.75
ml./min) to a chitin column that had been equilibrated with
the same buffer. The loaded resin was washed with two col-
umn-volumes of buffer and then with four column-volumes
of 0.5 M MOPS-NaOH buffer at pH 7.0 containing NaCl
(0.50 M) and EDTA (0.10 mM). Azide 1 was dissolved in the
latter buffer to a concentration of 450 mM, and three column-
volumes of this solution were loaded onto the resin, out of
which, two column-volumes were allowed to flow through
and one column-volume was allowed to sit on top of the resin.
This incubation was carried out for three days at room tem-
perature to enable the reaction to proceed to completion. The
hydrazide product was eluted with three column-volumes of
an aqueous solution of NaCl (2 M). Azido-RNase A was
precipitated out of the eluate by adding an aqueous solution of
sodium deoxycholate (NaDOC; to 0.72 mM) and trichloro-
acetic acid (TCA; to 260 mM). This precipitate was washed
with acetone and dissolved in an aqueous solution of guani-
dine-HCl (4 M).

The solution of protein was added with gentle stirring in
20-pL aliquots into a refolding solution (50 mL) consisting of
100 mM Tris-HCI buffer at pH 8.0 containing NaCl (100
mM), reduced glutathione (1 mM), and oxidized glutathione
(0.2 mM). The final concentration of guanidine-HCl was 0.05
M. The refolding solution was incubated at room temperature
for 24 h.

The refolding solution was dialyzed for 12 h against 50
mM sodium acetate buffer at pH 5.0. The azido-protein was
purified by cation-exchange chromatography as described
previously [51].

Ribonucleolytic activity: Values of k_,/K,, for the enzy-
matic cleavage of a fluorogenic substrate, 6-carboxyfluores-
cein-dArU(dA),-6-carboxytetramethyl rhodamine, were
determined as described previously [52].

Huisgen 1,3-dipolar cycloaddition: To a solution of azido-
RNase A (9.6 uM) in 0.10 M potassium phosphate buffer at
pH 8.0 (41.9 uL.) were added alkynyl fluorescein 10 (1.1 pL,
2.23 mM suspension in 20% v/v ethanol in water), tris(2-
carboxyethyl) phosphine hydrochloride (1.0 pl., 50 mM),
CuS0O,.5H,0 (1.0 uL, 50 mM), and polytriazole ligand (5.0
ul, 20 mM suspension in 80% v/v t-butanol in water). The
reaction mixture was agitated gently, and incubated at room
temperature for 1 h and then at 4° C. for 16 h. The same
procedure was followed for the control reaction with unmodi-
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fied wild-type RNase A (Sigma Chemical, St. Louis, Mo.).
Protein precipitation was observed in both reaction mixtures,
as is common (but not well appreciated) during Cu(I)-cata-
lyzed Huisgen 1,3-dipolar azide-alkyne cycloaddition to a
protein,*”! obviating the calculation of a yield for this reac-
tion. The reaction mixtures were subjected to centrifugation
at 5900 g for 4 min, and the supernatant was discarded. The
pellet was resuspended in 2x denaturing buffer (20 ul.) and
subjected to SDS-PAGE. The resulting gel was visualized
with a fluorescence imager and was then stained with Coo-
massie blue.

Example 7

Site-Specific Enzyme Immobilization Using
Staudinger Ligation

This example describes a general method for site-specific
protein immobilization using the Staudinger ligation. The
method is useful for the preparation of protein microarrays
and provides a facile, bio-orthogonal and bio-compatible pro-
tein immobilization chemistry for generating uniformly ori-
ented protein microarrays.

Bovine pancreatic ribonuclease (RNase A; EC 3.1.27.5)
appended with a C-terminal azido functional group was
immobilized on  phosphinothioester-displaying  self
assembled monolayers (SAMs) of alkane thiols on gold sur-
faces. The immobilization proceeded selectively via the azide
functionality on the enzyme. The immobilized enzyme
retained enzymatic activity and bound its natural binding
partner, the ribonuclease inhibitor protein (RI).

The non-proteinogenic azido group is bio-orthogonal
because it is chemically inert to the functional groups found in
nature. The azido group has been used for site-specific protein
and peptide immobilization by the Huisgen’s 1,3-dipolar
azide-alkyne cycloaddition reaction [63, 64, 65] and the
Staudinger ligation [65, 5, 13b]. A bifunctional reagent bear-
ing an azido group and a-hydrazino acetamido group was
used (as described above) to cleave a transient thioester gen-
erated on the C terminus of the target protein fused to an
intein, thereby labeling the protein with an azido group. This
method was used to install the azido group into ribonuclease
A (RNase A) to generate azido-RNase A.

This example describes a facile method for the site-specific
immobilization of azido-RNaseA. RNase A was chosen as a
model system for developing the immobilization chemistry.
RNase A is renowned for its high stability and its interaction
with ribonuclease inhibitor (RI) is one of the strongest known
biological interactions [38]. The current method involves
reacting azido proteins with phosphinothioester functional
groups displayed on self assembled monolayers (SAMs) of
alkane thiols on a gold surface (FIG. 6). The reaction of an
azido group with a phosphinothioester is known as the
Staudinger ligation [19b, 67] and is based on the Staudinger
reaction [68] wherein a phosphine reduces an azide to form a
stable amide bond. The version of the Staudinger ligation
employed herein is traceless as it does not leave any residual
atoms in the final amide product [69]. The reaction proceeds
in high yields at room temperature, in aqueous solvents. The
current strategy resulted in the immobilization of azido-
RNase A exclusively via the azido group, and the immobi-
lized enzyme was active and bound RI. This example dem-
onstrates the proficiency of Staudinger ligation as a tool for
site-specific protein immobilization and augurs well for the
application of this reaction for the generation of protein
microarrays.
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Experimental Procedures

Materials. Reagents were from Sigma-Aldrich (St. Louis,
Mo.). Anhydrous DMF and CH,Cl, were withdrawn from a
CYCLE-TAINER® solvent delivery system (Baker). Syn-
thetic reactions were monitored by thin-layer chromatogra-
phy with visualization by UV-light or staining with phospho-
molybdic acid. For all reactions involving anhydrous
solvents, glassware was flame-dried. Flash chromatography
was performed with columns of silica gel 60, 230-400 mesh
(Silicycle). A fluorogenic ribonuclease substrate, 6-carboxy-
fluorescein-dArU  (dA)2-6-carboxytetramethyl-rhodamine,
was from Integrated DNA Technologies (Coralville, lowa).
Two-hand AtmosBags™ were bought from Sigma-Aldrich
(St. Louis, Mo.). Anti-RNase A rabbit primary antibody was
from Biodesign International (Kennebunk, Me.). Alexa
Fluor® 488-conjugated anti-rabbit secondary antibody was
from Molecular Probes (Eugene, Oreg.). Anti-RI chicken
primary antibody was from Genetel (Madison, Wis.). Fluo-
rescein-conjugated anti-chicken secondary antibody was
from Abcam (Cambridge, Mass.). Alkane thiols HS—
(CH,),,—(0—CH,—CH,),—0O—CH,—COOH and HS—
(CH,),;—(0—CH,—CH,);—OH were purchased from
Prochimia (Gdansk, Poland). Wild-type RNase A was from
Sigma Chemicals (St. Louis, Mo.).

Instrumentation. NMR spectra were acquired with a
Bruker DMX-400 Avance spectrometer (1H: 400 MHz, 13C:
100 MHz) at the NMR Facility at Madison (NMRFAM).
Mass spectra on small organic molecules were obtained with
electrospray ionization (ESI) techniques. Fluorescence mea-
surements for assaying RNase A activity were made with a
QuantaMaster 1 photon counting fluorometer equipped with
sample stirring (Photon Technology International, South
Brunswick, N.J.). Immobilized RNase A, and RI bound to the
immobilized RNase A were visualized with a Genomic Solu-
tions® GeneTac UC4x4 Fluorescence Scanner. A Rudolf
AutoEL ellipsometer was used to determine the optical thick-
ness of SAMs and proteins on the surface of a gold film on Si
wafer.

Preparation of Gold Chips (Chang). Preparation of Phos-
phinothioester-displaying SAMs of Alkane Thiols on Gold
Chips. Alkane thiol solutions were prepared by dissolving
HS—(CH,),,—(0—CH,—CH,),—0—CH,—COOH and
HS—(CH,),,—(0—CH,—CH,);—OH in ethanol to a final
concentration of 0.25 mM each. Gold chips were cleaned
under a stream of Ar(g) and immersed in the alkane thiol
solution for at least 18 h at r.t. After rinsing thoroughly with
ethanol and drying under a stream of Ar(g), the chips were
overlaid with an aqueous solution containing N-hydroxysuc-
cinimide (50 mM) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (200 mM) for 7 min to generate succinimidyl
ester-displaying chips. Phosphinomethanethiol
(PPh,CH,SH) was synthesized as described earlier [70] and
was dissolved in anhydrous DMF to a concentration of 100
mM. N,N-diisopropylethylamine (DIPEA) was added to a
concentration of 120 mM. The resulting solution (in a 25 mL
flask), succinimidyl ester displaying chips (in a Petri dish
containing a water-soaked filter paper to serve as a humid
chamber) and azido-RNase A (10 uM in 5% DMF/water)
were placed in a two-hand AtmosBag™ along with vials
containing anhydrous DMF (20 mL/vial), water (20 mL/vial),
and sodium phosphate buffer (25 mM) atpH 7.5 (20 mL/vial).
The AtmosBag™ was sealed and connected to the house
vacuum on one end and an Ar(g) supply on the other end. The
air inside the bag was removed using the house vacuum and it
was flushed two times with Ar(g) before finally filling it up
with Ar(g). The phosphinomethanethiol-DIPEA solution was
transferred into the small empty vial and succinimidyl ester
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displaying chips were incubated in it for 2 h. The phosphi-
nothioester-displaying chips thus produced were rinsed with
DMF (2x20 mL) and then with water (2x20 mL).

Immobilization of azido-RNase A by Staudinger ligation.
Azido-RNase A (1 pl, 10 uM in 5% DMF/water) was incu-
bated on phosphinothioester-displaying chips for different
time periods at r.t. inside the AtmosBag™. The chips were
subsequently rinsed with sodium phosphate buffer (25 mM)
atpH 7.5 (20 mL) and removed from the AtmosBag™. They
were then incubated in sodium phosphate buffer (25 mM) at
pH 7.5 (1 mL) for 30 min to remove non-specifically bound
protein.

Detection of Immobilized RNase A. A chip displaying
immobilized RNase A was overlaid with anti-RNase A rabbit
primary antibody (100 pg/mlL. in sodium phosphate buffer (25
mM) at pH 7.5) for 30 min at r.t. The chip was then rinsed with
sodium phosphate buffer (25 mM) at pH 7.5 (2x20 mL) and
incubated in the same buffer for 15 min. It was subsequently
overlaid with Alexa Fluor® 488-conjugated anti-rabbit sec-
ondary antibody (2.0 ug/mL. in sodium phosphate buffer (25
mM) at pH 7.5) for 30 min at r.t. Finally, the chip was rinsed
with sodium phosphate buffer (25 mM) at pH 7.5 (2x20 mL)
and incubated in the same buffer for 15 min and scanned with
a Genomic Solutions® GeneTac UC4x4 Fluorescence Scan-
ner using a gain of 50.

RNase A activity assay on immobilized RNase A. A phos-
phinothioester chip was overlaid with azido-RNase A (10 uM
in 5% DMF/H20) for 15 min in Ar(g) atmosphere in an
AtmosBag™ to immobilize RNase A via Staudinger ligation.
The chip was rinsed with sodium phosphate buffer (25 mM)
at pH 7.5 (2x20 mL) and then introduced into a vial contain-
ing 2-(N-Morpholino)ethanesulfonic acid buffer (0.1 M) at
pH 6.0 (22 mL, containing 0.1 M NaCl). A fluorogenic sub-
strate of RNase A, 6-carboxyfluorescein-dArU(dA)2-6-car-
boxytetramethylrhodamine (10 pl of a 40 uM solution), was
introduced into the vial. The vial was placed on a shaker and
2 mL aliquots were withdrawn at various time intervals and
the fluorescence measured (Aex=493 nm, Aem=>515 nm). The
fluorescence intensity was plotted against time. A phosphi-
nothioester chip was overlaid with wt-RNase A (10 uM in 5%
DMF/H20) and rinsed with sodium phosphate buffer (25
mM) at pH 7.5 (2x20 mL.) and a similar assay was performed.
As a negative control, a similar assay was performed on a
phosphinothioester chip which was not overlaid with RNase
A. The percentage of the fluorescent substrate cleaved at
various time intervals were subtracted from the correspond-
ing values for the negative control to generate the graph in
FIG. 8.

RI binding to immobilized RNase A. Azido-RNase A (1
pul, 10 uM in 5% DMF/water) was spotted on phosphi-
nothioester-displaying SAMs on a gold chip for 15 minutes at
r.t. in an AtmosBag™ filled with Ar(g). The chip was taken
out of the bag and rinsed with sodium phosphate bufter (25
mM) at pH 7.5 (2x20 mL.) and incubated in the same buffer
for 30 min to remove non-specifically bound RNase A.RI (10
UM in sodium phosphate buffer (25 mM) at pH 7.5 containing
10mM DTT) was overlaid on the chip for 10 min at4° C. The
chip was then rinsed with sodium phosphate buffer (25 mM)
atpH 7.5 containing 10 mM DTT (2x20 mL) and incubated in
the same buffer for 15 min.

Detection of RI bound to immobilized RNase A. (1) Immu-
noassay: After RI binding, the chip was overlaid with bovine
serum albumin (2.0 mg/ml. in sodium phosphate buffer (25
mM) at pH 7.5) for 15 min. The chip was rinsed with sodium
phosphate buffer (25 mM) at pH 7.5 (2x20 mL) and subse-
quently incubated with chicken primary antibody to RI (12.5
pg/mL in sodium phosphate buffer (25 mM) at pH 7.5) for 15
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min. The chip was rinsed with sodium phosphate buffer (25
mM) at pH 7.5 (2x20 mL), incubated in the same buffer for 15
min and subsequently overlaid with anti-RI chicken primary
antibody and fluorescein-conjugated anti-chicken secondary
antibody (1.5 pg/mL in sodium phosphate buffer (25 mM) at
pH 7.5) for 30 min. The chip was rinsed with sodium phos-
phate buffer (25 mM) at pH 7.5 (2x20 mL) and incubated in
the same buffer for 15 min. The chip was scanned with a
Genomic Solutions® GeneTac UC4x4 Fluorescence Scanner
using a gain of 50.

(i) Ellipsometry: Ellipsometric measurements were per-
formed to determine the optical thicknesses of the SAMs,
RNase A, and RI on the surface. The measurements were
performed using a wavelength of 632 nm and 70° angle of
incidence. The optical thickness reported is the average of
seven different locations on samples. A slab model was used
to interpret these constants. The slab (SAM and protein) was
assumed to have an index of refraction of 1.46 (ref).

Results and Discussion

Generation of phosphinothioester-displaying SAMs on
gold. Carboxylic acid displaying gold surfaces were gener-
ated by incubating the gold surfaces in an ethanolic solution
containing equimolar quantities of HS—(CH2)11-(0O—
CH2-CH2)6-O—CH2-COOH and HS—(CH2)11-(0—
CH2-CH2)3-OH. The carboxylic acid functionalities were
reacted with EDC/NHS and the resultant succinimidyl esters
were converted into phosphinothioesters by reacting with
phosphinomethanethiol. Phosphinomethanethiol was syn-
thesized in multigram quantities according to an earlier pub-
lished strategy [70]. Generation of phosphinothioester SAMs
on the gold surfaces provides a highly ordered surface for
performing Staudinger ligation. This surface is significantly
more ordered than glass slides used earlier [5, 71] which
enables the use of precise techniques like surface plasmon
resonance [72] and liquid crystals [3, 73] for detection of
ligand binding. The facile generation of phosphinothioesters
directly on SAMs of alkanethiols on gold is a noteworthy
contribution of this work.

Azido-RNase A immobilization via Staudinger ligation.
Azido-RNase A (in 5% DMF/water) was immobilized onto
phosphinothioester chips via Staudinger ligation (FIG. 1).
Incubation of wild-type RNase A on phosphinothioester
chips did not result in any detectable RNase A immobilization
(FIG. 7), thus establishing that azido-RNase A immobiliza-
tion occurred exclusively via the azide functionality.
Attempts at protein immobilization at various pH values
without DMF were unsuccessful. DMF might be required for
solubilization of the two hydrophobic phenyl groups on the
phosphinothioester, and hence increasing accessibility to the
azide functionality, thus enabling Staudinger ligation. We
were concerned that derivatizing the alkane thiol monolayers
with phosphinomethanethiol would result in a hydrophobic
surface due to the introduction of two phenyl groups, thus
increasing non-specific adsorption of proteins onto the sur-
face. Indeed, long protein incubations (>1 hr) gave rise to
noticeable non-specific protein attachment on the surface
(data not shown). However, Staudinger ligation proceeded
rapidly (fluorescence signal was detected as early as 1 minute
into immobilization), and no significant non-specific interac-
tions were observed in the time required for protein immobi-
lization (FIG. 7).

Peptides, and to a much lesser extent, proteins, have been
immobilized using bio-orthogonal approaches previously.
For example, peptides have been covalently immobilized via
imine [74], oxime [2], and semicarbazone [75] linkages.
However, carbon-nitrogen double bonds of imines, oximes,
and hydrazones are susceptible to hydrolysis [76, 77]. In
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contrast, our method of immobilization generates an amide
linkage, one of the most stable linkages known in nature [78].
Diels-Alder cycloaddition [63, 79] has been used to immobi-
lize peptides on surfaces. Another cycloaddition reaction,
Huisgen’s 1,3-dipolar cycloaddition, was used to immobilize
proteins [63]. This reaction subjects proteins to harsh reaction
conditions, namely, a Cu(]) catalyst, a potent reducing agent
(TCEP) and a polytriazole ligand, which is not water soluble.
These reaction conditions frequently cause protein precipita-
tion [47, 66] which limits the general applicability of this
reaction. A transient thioester intermediate involved in native
chemical ligation and intein chemistry has been utilized in
immobilizing peptides [80] and proteins [81] respectively.
The immobilization results in the incorporation of a cysteine
onto the immobilized species, which can be a center for
undesirable side reactions. For example, cysteine is reactive
towards electrophiles [ 14a, 14b, 82] and can undergo [-elimi-
nation [15] or disrupt SAMs on gold or silver surfaces [16]. A
traceless approach to intein-mediated immobilization
reported recently [83] utilizes split-intein chemistry, wherein
the intein is spliced off resulting in the immobilization of the
target protein. This method, although creative, is atomically
uneconomical and entails exposing the surface to excessive
protein mass (intein) which can produce background signals
due to non-specific protein attachment.

Activity assay on immobilized RNase A. Enzymatic activ-
ity assays were performed by incubating chips displaying
immobilized RNase A in solutions containing a fluorogenic
substrate of RNase A. The fluorescence intensity increased at
a much faster rate for a phosphinothioester chip incubated
with azido-RNase A than the one incubated with wild-type
RNase A (FIG. 8). Thus, the enzyme was active after immo-
bilization by Staudinger ligation. The small enzymatic activ-
ity detected on the phosphinothioester chip incubated with
wild-type RNase A could be a consequence of non-specifi-
cally attached enzyme. Retention of enzymatic activity of the
immobilized enzyme is noteworthy for potential applications
that utilize immobilized enzymes as recyclable catalysts for
industrial processes [84].

RI binding to immobilized RNase A. The binding of RI to
immobilized RNase A was characterized by an immunoassay
that involved a primary antibody to RI and a secondary fluo-
rescent antibody (FIG. 9A). No RI binding was observed
when the phosphinothioester chip incubated with wt-RNase
A was overlaid with RI. This result demonstrates that the RI
detected on the surface was bound to the immobilized RNase
A and was not adhering to the surface via non-specific inter-
actions. Ellipsometric measurements (FI1G. 9B) corroborated
these findings.

This example describes a general, facile and bio-orthogo-
nal strategy for site-specific protein immobilization on SAMs
on a gold surface. This method of protein immobilization can
be used to generate oriented protein microarrays for high-
throughput detection of binding partners for proteins and in
diagnostic applications that detect disease markers in clinical
samples.
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We claim:

1. A method for forming a covalent linkage between a
peptide or protein and a chemical species comprising the
steps of:

(a) providing the peptide or protein functionalized with one

or more thioester groups;

(b) reacting one or more thioester groups of the peptide or
protein functionalized with the one or more thioester
groups with the hydrazine group of a hydrazine-func-
tionalized chemical species of formula:

H,N—NH—CH,-M-L-R,

wherein R is the chemical species, to form a hydrazide and
thereby form a covalent linkage between the peptide or
protein and the chemical species,

wherein:

R is a chemical species selected from an azido, alkenyl,
alkynyl, nitrile or triazole group;

Misasinglebond or—C(O)NR"—, where R'is H, an alkyl,
or an aryl, and L is an optional linker group which is an
optionally substituted alkylene or an optionally substi-
tuted arylene linker.

2. The method of claim 1 wherein R is an azido group.

3. The method of claim 1 wherein M is a —C(O)NR'—

group wherein R' is H, or an alkyl or an aryl group.

4. The method of claim 1 wherein L is present and L. is an
alkylene chain —(CH,),— where n is an integer indicating
the length of the chain, wherein one or more carbons of the
chain are optionally substituted with a non-reactive or pro-
tected functional group which does not react with hydrazine
and wherein one or more non-neighboring CH, groups are
optionally replaced with S, CO, an ester, an amide group, an
arylene group, or an N(R"), group, wherein R" is a hydrogen,
an alkyl or an aryl group and at least one R" is not hydrogen.

5. The method of claim 1 wherein L is an alkylene chain
—(CH,),,— where n is an integer ranging from 1 to 100.

6. The method of claim 1 wherein the covalent linkage is
formed between the protein and the chemical species and the
protein thioester is formed by intein-mediated splicing.

7. The method of claim 1 wherein the covalent linkage is
formed at the C-terminus of the peptide or protein.

8. A method for immobilizing a peptide or protein to a
surface which comprises the steps of:

(a) forming a covalent linkage between a peptide or protein
and a chemical species which is an azido group by the
method of claim 2 wherein the hydrazine-functionalized
chemical species is a compound of formula:

H,N—NH—CH,-M-L-R

where R is an azido group to thereby form an azido-func-

tionalized peptide or protein; and

(b) reacting the azido-functionalized peptide or protein

with a phosphinothioester which is covalently linked to
the surface.

9. The method of claim 8 wherein a protein is immobilized
to the surface and after immobilization the protein retains
80% or more of the activity of the protein prior to immobili-
zation.

10. The method of claim 8 wherein two or more different
peptides or proteins are immobilized to the surface.

11. The method of claim 8 wherein a plurality of different
peptides or proteins are immobilized to the surface.

12. The method of claim 8 wherein the surface comprises a
plurality of solid particles, resins or beads.
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13. The method of claim 8 wherein the surface is a microar-
ray.

14. The method of claim 1 wherein L is an alkylene chain
—(CH,),— where n is an integer ranging from 1 to 10.

15. The method of claim 14 wherein M is —C(O)NR'—
and R'is H.

16. The method of claim 15 wherein R is an azido group.

17. The method of claim 1 wherein R is an azido group, M
is —C(O)NR'— and R' is H.

18. The method of claim 1 wherein the reaction of the one
or more thioester groups of the peptide or protein functional-
ized with the one or more thioester groups with the hydrazine
group of the hydrazine-functionalized chemical species is
carried out in aqueous buffer between pH 6-8.

19. The method of claim 1 wherein the hydrazine-function-
alized chemical species is:

O
H
/N\)k /\/N3'
NH; N

20. The method of claim 1 wherein R is an azido, nitrile or
triazole group.

21. The method of claim 1 wherein R is an azido, alkenyl or
alkynyl group.

22. The method of claim 1 wherein M is —C(O)NR'—,
where R' is H or an alkyl group.

23. The method of claim 1 wherein L is an alkylene chain
—(CH,),— where n is an integer ranging from 2-4.

24. The method of claim 1 wherein L is —CH,—CH,—.

25. The method of claim 1 wherein R is an azido group, M
is —C(O)NR'—, where R' is H, an alkyl or an aryl group and
L is L is an alkylene chain —(CH,),, where n is an integer
ranging from 1 to 10.

26. The method of claim 1 wherein R is an azido group, M
is —C(O)NR'—, where R' is H, an alkyl or an aryl group and
Lis—CH,—CH,—.

27. The method of claim 1 wherein R is an azido group, M
is —C(O)NR'—, where R' is H, an alkyl or an aryl group and
wherein L is present and L is an alkylene chain —(CH,),—
where n is an integer indicating the length of the chain,
wherein one or more carbons of the chain are optionally
substituted with a non-reactive or protected functional group
which does not react with hydrazine and wherein one or more
non-neighboring CH, groups are optionally replaced with S,
CO, an ester or amide group, an arylene group, or an N(R"),
group, wherein R" is ahydrogen, analkyl or an aryl group and
at least one R" is not hydrogen.

28. The method of claim 1 wherein M is —C(O)NR'—, R’
isH,and L is —CH,—CH,—.

29. The method of claim 8 wherein L is an alkylene chain
—(CH,),— where n is an integer ranging from 1 to 10.

30. The method of claim 8 wherein L is an alkylene chain
—(CH,),— where n is an integer ranging from 2-4.

31. The method of claim 8 wherein L is —CH,—CH,—.

32. The method of claim 8 wherein M is —C(O)NR'—,
where R' is H, an alkyl or an aryl group and wherein L is
present and L is an alkylene chain —(CH,),— where n is an
integer indicating the length of the chain, wherein one or
more carbons of the chain are optionally substituted with a
non-reactive or protected functional group which does not
react with hydrazine and wherein one or more non-neighbor-
ing CH, groups are replaced with S, CO, an ester or amide
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group, an arylene group, or an N(R"), group, wherein R" is a
hydrogen, an alkyl or an aryl group and at least one R" is not
hydrogen.

33. The method of claim 8 wherein M is —C(O)NR'—,
where R' is H, or an alkyl group and L is present and is
—(CH,),—, where n is 1-100.

34. The method of claim 8 wherein M is —C(O)NR'—,
where R' is H, or an alkyl group and L is present and is
—(CH,),—, where n is 1-10.

35. The method of claim 8 wherein M is —C(O)NR'—, 4,

where R' is H, or an alkyl group and L is present and is
—(CH,),—, where n is 2-4.

36. The method of claim 8 wherein the hydrazine-function-
alized chemical species is:

44

O
H
~ N\)J\ N Ns
NHy N

37. The method of claim 8 wherein the reaction of the
azido-functionalized peptide or protein with the phosphi-
nothioester covalently linked to the surface is carried out in
aqueous bufter between pH 6-8.
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