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ABSTRACT: Since the 1990s, a-oxo aldehyde or glyoxylic acid chemistry has inspired a vast
array of synthetic tools for tailoring peptide or protein structures, for developing peptides
endowed with novel physicochemical properties or biological functions, for assembling a
large diversity of bioconjugates or hybrid materials, or for designing peptide-based micro or
nanosystems. This past decade, important developments have enriched the a-oxo aldehyde
synthetic tool box in peptide bioconjugation chemistry and explored novel applications. The
aim of this review is to give a large overview of this creative field.

A. INTRODUCTION

The structure of glyoxylic acid 1 is shown in Scheme 1.
Glyoxamides 2, i.e., amide derivatives of glyoxylic acid 1, are

Scheme 1. Structures of Glyoxylic Acid 1, Glyoxamide 2, and
Their Corresponding Hydrates 3 and 4, Respectively
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particularly relevant to the field of bioconjugation chemistry. In
this case, R is usually an alkyl group linking the a-carboxamido
aldehyde group to the biomolecule of interest.

Glyoxylyl peptides have been mentioned in the literature
since the late 1950s. Their potential formation from N-terminal
seryl peptide hormones or proteins during the staining of tissue
sections usin% periodic acid and Schiff’s reagent was discussed
at that time.” During the same period, quantification of the
formaldehyde formed during the periodate oxidation of
peptides was shown to be an accurate method for
demonstrating the presence of N-terminal seryl residues in
peptides.” A few years later, Dixon and co-workers pioneered
the use of glyoxylyl chemistry for selectively tailoring the N-
terminus of peptides.>”°

A growing interest in glyoxylyl group chemistry began in the
early 1990s with the development of various novel chemo-
selective ligations enablin% the assembly of homogeneous
macromolecular scaffolds.” The ease of introducing the
glyoxylyl group on peptides or proteins, its good stability,
and the mildness and efficiency of the ligation techniques was
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soon considered as a great advantage in obtaining complex
synthetic or semisynthetic conjugates. Later on, the orthogon-
ality of a-oxo aldehyde-based ligation reactions with other
popular site-specific ligation methods such as the Huisgen 1,3-
dipolar cycloaddition of organic azides and terminal alkynes
extended the synthetic usefulness of the glyoxylyl group by
allowing the design of efficient one-pot sequential ligation
schemes.® Recently, the peculiarities of glyoxylyl group
chemistry have also enabled useful developments in the field
of protein total or semisynthesis.”~"*

Some of these studies provided peptide or protein conjugates
of potential therapeutic or diagnostic interest. One important
application of glyoxylyl group chemistry in medical research is
certainly the development of synthetic vaccines. Pioneering
studies by Rose and co-workers led to the development of a
potential synthetic vaccine against Plasmodium falciparum B
with demonstrated efficacy in volunteers.'>'* Very recently,
glyoxylyl group chemistry was used to assemble a peptide-based
vaccine which was able to induce neutralizing antibodies against
heat-stable enterotoxin from enterotoxigenic Escherichia coli.'®
In the same field, the usefulness of glyoxylyl lipids for the
synthesis of lipopeptide-based self-adjuvanting vaccines was
illustrated by the synthesis of an HIV-derived lipopeptide
cocktail.'®"” A similar approach has been recently used for
designing a vaccine able to protect the female genital tract from
herpes in mouse.'"® Other medical areas have also benefited
from glyoxylyl chemistry. A seminal contribution to the field is
the design of chemokine RANTES analogues as anti-HIV
agents.19_23

The beginning of the 21st century has seen the rapid
development of micro- and nanotechnologies. Their application
in life sciences stimulated the use of glyoxylyl chemistry for the

mild and efficient immobilization of biomolecules on
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surfaces.”*** Today, the richness of glyoxylic acid chemistry is
still a source of innovation in various fields of research. The aim
of this review is to give a broad overview of the use of glyoxylic
acid chemistry in the field of peptide bioconjugation.

Apart from the Introduction and Conclusion, this review is
composed of five main sections (sections B to F). Section B
discusses the general chemical properties of glyoxylic acid and
amides such as the hydration of the aldehyde group and the
formation of imine or iminium species by reaction with amines.
Section C is focused on the various methods allowing the
installation of the glyoxylyl group onto peptides, proteins, or
surfaces. Section D describes the chemoselective ligation
methods using the glyoxylyl group as a key reacting partner.
Section E describes the powerfulness of glyoxylyl chemistry for
synthesizing sophisticated scaffolds, by combining two or more
chemoselective ligations in one-pot processes. The last main
section, Section F, details how glyoxylyl group chemistry has
contributed to the development of novel synthetic tools in the
field of protein total or semisynthesis.

B. GLYOXYLYL GROUP: GENERAL CHEMICAL
PROPERTIES

B1. Hydration. a-Keto acids are intermediates in amino
acid metabolism. Glyoxylic acid 1 (Scheme 1) corresponds to
the a-keto acid derivative of glycine and has a pK, of 3.3 at 298
K.*® Glyoxylic acid 1 equilibrates in aqueous solution with its
hydrate form 3 (Scheme 1). The mechanism of hydration of
glyoxylic acid 1 has been studied by density functional theory.””
NMR studies have shown that the hydrate form 3 is by far the
dominant species in aqueous solution.”*** The proportion of
hydrate 3 is >99% at pH 0.5 and 95% at pH 6.0 according to
Cooper and co-workers.”® Glyoxylic acid thus shows an
increase in the aldehyde form when the pH is raised from 0.5
to 6, in accordance with a higher hydration equilibrium
constant for glyoxylic acid (K, = H(HO),CCO,H/HCOCO,H
= 300, 298 K) than for glyoxylate ion (K, = H(HO),CCO,”/
HCOCO,™ = 15.1, 298 K).2° Formation of the hydrate form of
aldehydes or ketones is known to be favored by the presence of
electron-withdrawing groups adjacent to the carbonyl group.
The higher hydration equilibrium constant for glyoxylic acid
compared to glyoxylate ion is probably due to the greater
electron-withdrawing properties of CO,H compared to CO,".
By comparison, the proportion of hydrate for pyruvic acid is
much lower in the same conditions, i.e., 65% at pH 0.5 and only
8% at pH 6.0, in accordance with a hydration equilibrium
constant of only 1.6 at 298 K for this a-keto acid. The hydrate
form 3 of glyoxylic acid is stable and commercially available as a
white crystalline solid. Dimethylacetal of methyl glyoxylate can
be converted into the corresponding reactive aldehyde form by
treatment with phosphorus pentoxide and distillation.*

Hydrate 4 is also the dominant species in aqueous solution
for glyoxamides of type 2 (Scheme 1).*' In this case, the pH of
the solution is expected to have a minor impact on the
hydration equilibrium constant between 4 and 2, although this
aspect has not been studied in detail. Several NMR studies have
confirmed the predominance of the hydrate form 4 for glyoxylyl
peptides in mildly acidic aqueous solution (pH 4.6),>>"" i.e., at
a pH often used for hydrazone, thiazolidine, or oxime ligations.
The chemical shift for -NHCOCH(OH), proton in water is
~5.52 ppm. The "*C chemical shift for the hydrated aldehyde
—NHCOCH(OH), is ~89.6 ppm. The hydrate form 4 could
be detected also by electrospray mass spectrometry (ESI-MS)
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and its stability probed using the collision-induced dissociation
(CID) technique.*®

The tendency of glyoxamides 2 to be significantly hydrated
in aqueous solution has been exploited for designing HIV-1
protease inhibitors,** the hydrate form 4 being considered as a
transition state analogue of the peptide bond cleavage reaction
catalyzed by serine proteases.

B2. Reaction with Amines. The reaction of glyoxylic acid
with ammonia has been studied by Hoefnagel and co-workers
(Scheme 2).* This study revealed the formation of carbinol

Scheme 2. Reaction of Glyoxylic Acid with Ammonia**
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adduct 5 by addition of ammonia to the aldehyde group.
Carbinol 5 was not stable in aqueous solution, and
spontaneously lost a molecule of water to give iminoacetate 6
and oligomers such as hexahydrotriazine derivative 7.
Glyoxylic acid 1 also reacts with primary or secondary amines
in organic solvents or aqueous solution to give transient
carbinols and iminium derivatives of type 8 and 9, respectively
(Scheme 3). Iminiums 9 are of great synthetic value, especially

Scheme 3. Synthetic Applications of the Reaction of
Glyoxylic Acid 1 with Amines Involving an Intermediate
Iminium Species”
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“The Petasis multicomponent reaction generates a-amino acids 10.%7
The reductive alkylation of amines generates glycine analogues 11.*"**

when the iminjum moiety can be further trapped to give a
stable end product. In particular, glyoxylic acid and some of its
derivatives have been exploited by numerous authors for
synthesizing a large diversity of @-amino acids. The field has
been reviewed.*® For example, the use of glyoxylic acid as a
component in the Petasis-Borono Mannich three-component
reaction has been particularly useful (1 — 10, for a
comprehensive review, see ref 37). The reaction is also useful
on the solid phase.*® Glyoxylic acid is also an efficient partner in
reductive alkylation using either NaBH, or NaCNBH; as
reducing agents (1 — 11 in Scheme 3). This reaction has been
used in solution to attach the carboxymethyl group to the a- or
g-amino groups of proteins,>*" or for synthesizing glycine
analogues.*"** Other useful reactions of glyoxylic acid
derivatives involving iminium species as intermediates include
the Pictet-Spengler (Scheme 4, 12 — 14)* or the hetero-
Diels—Alder reactions (Scheme 4, 12 — 16).*
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Scheme 4. Synthetic Applications of the Reaction of
Glyoxylic Amides with Amines Involving an Intermediate
Iminium Species”
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“Illustration of the Pictet-Spengler (12 — 14)* or hetero-Diels-Alder
(12 = 16)** reactions.

Another interesting application of the propensity of glyoxylic
acid derivatives to react with amines is the one-pot synthesis of
1-aza-3,7-dioxabicyclo-(3.3.0)octane derivative 20 starting from
glyoxamides such as 17 and tris(hydroxymethyl)aminomethane
(Tris) 18 as shown in Scheme 5.*° This reaction probably

Scheme S. Synthesis of 1-Aza-3,7-dioxabicyclo-(3.3.0)octane
Derivative 20*

H o Q
o§/¥o CHs(CHz)M//(O’N
NH,
19 o)

NH
; * Ho OH

OH water, pH 8.5 o
R = CH3(CH3)14CONH(CH,)3NH-
NH,
247 Tris 18 20

proceeds through two successive iminium and oxazolidine-
forming steps. Formation of structure 20 is the result of the
overall condensation of two glyoxamide molecules 17 and one
Tris molecule 18, with the concomitant elimination of two
molecules of water. In addition to this sequence of reactions,
the process described in Scheme S includes the acylation of two
primary amines by palmitate N-hydroxysuccinimidyl ester 19.

B3. Nucleophilic Catalysis of the Reaction of Amines
with Glyoxylic Acid Derivatives. The ease of formation of
transient iminium species 23 (Scheme 6) in aqueous solution
from a large variety of aldehydes 21 and amines 22 is well-
known and has a wide range of synthetic applications.
Interestingly, the in situ formation of iminium species such as
23 also explains the powerfulness of some amines such as
aniline 22a or morpholine 22b in catalyzing the formation of
oximes 28,*%%” hydrazones 27,4644 or thiazolidines 29°° from
aldehydes and hydroxylamines 24, hydrazines 26, or pf-
aminothiols 28, respectively.

The nucleophilic catalysis of the reaction of hydroxylamines,
hydrazines, or #-aminothiols with aldehydes has been studied in
the early 1960s. In particular, the catalysis of semicarbazone or
oxime formation by aniline 22a and the concept of “trans-
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Scheme 6. Catalysis of Oxime, Hydrazone, or Thiazolidine
Bond Formation by Amines*®™°
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Schiffisation” has been put forward by Jencks and co-workers in
1962 using aromatic aldehydes such as benzaldehyde®® or
pyridoxal** as model compounds. Semicarbazone formation is
susceptible to general acid catalysis. However, aniline 22a is
10—1000 times more powerful in catalyzing semicarbazone
formation than acids with similar pK, values. This abnormal
catalytic activity is due to the rapid formation of iminium
intermediate 23. Iminium formation is the rate-limiting step of
the process. Once formed, the iminium intermediate 23 reacts
very quickly with amine compounds 24, 26, and 28 according
to a “trans-Schiffisation” reaction.

The equilibrium between glyoxylic acid 1 or glyoxamide 2
and iminium species is usually shifted significantly toward the
aldehyde form in aqueous solution at pH below 6. On this
basis, carbinols or other derivatives that could be formed
intramolecularly or intermolecularly by reaction of an a-oxo
aldehyde group with a- or e-amino groups within peptides are
usually not observed, either during the purification of peptide
a-oxo aldehydes or during chemoselective ligations which are
usually carried out at a pH close to or below 5. However, the
ease of formation of transient iminium species from a@-oxo
aldehydes in mildly acidic solutions suggests that aniline may
also catalyze chemoselective ligations involving the formation of
a Schiff base derived from a-oxo aldehyde group. In fact, the
potential of aniline catalysis in a-oxo hydrazone*” or oxime
ligations*” has been realized only recently by Dawson and co-
workers. Aniline catalysis of oxime or hydrazone ligations
enables these reactions to be performed efficiently at neutral
pH. Various recent applications illustrate the interest of aniline
catalysis in hydrazone bioconjugation chemistry.>'~>°

B4. Reaction with Amides. The a-oxo carbonyl group also
reacts with amides in certain circumstances. One early mention
of such a reaction was made by Cooper and co-workers during
an NMR study of an aqueous solution of a-ketoglutaramic acid
30 (Scheme 7).*® This compound is in equilibrium in aqueous
solution with pyrrolidone derivative 31, the equilibrium lying
predominantly toward closed form 31 whatever the pH. In
accordance with the predominance of the cyclic structure 31 in
aqueous solution, the rate of semicarbazone formation with a-
ketoglutaramic acid 30 was only 3% of that for a-ketoglutaric
acid under the same conditions, for which the keto group is not
masked by cyclization.

Similarly, glyoxylic acid 1 is known to react with urea,
amides,®”*® or carbamates.””*” These reactions were exploited
for the synthesis of masked forms of glyoxylic acid, which
proved to be useful tools for attaching the glyoxylyl group to
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Scheme 7. Intra->*3! or Intermolecular>> Reaction of a-

Ketoacid or a-Oxo Aldehyde Groups with Amide,
Guanidine, or Urea Derivatives
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various biomolecules.®*~®® This point will be discussed in more
detail in section C.

Not surprisingly, a similar reactivity was observed for
glyoxamides of type 2 and was shown to induce some side
reactions during the preparation of peptide a-oxo aldehydes or
their reactions. The only early mention of the reactivity of the
a-oxo aldehyde group, toward amides in peptides was made by
Rose and co-workers,>" who showed that the glyoxylyl group,
when followed by a prolyl residue such as in compound 32
(Scheme 7), cyclized spontaneously into structure 33 in
aqueous solution. Cyclization involved the intramolecular
nucleophilic attack of the backbone amide nitrogen of the
third residue on the N-terminal aldehyde group. Structure 33
was found to be unreactive toward hydroxylamine. Efficient
oximation could nevertheless be achieved by generating the N-
terminal glyoxylyl prolyl peptides in the presence of the
hydroxylamine compound, showing that the intermolecular
oxime bond formation proceeded more rapidly than the
intramolecular cyclization process. Note that a similar side-
reaction was probably observed by Feibush and co-workers in a
stability study of an antlnncroblal peptide (pexiganan acetate)
in a drug formulation.®* The N-terminal glycine residue of
pexiganan was partially oxidized into an N-glyoxylyl group by
an unknown mechanism. The N-glyoxylyl peptide equilibrated
with a piperazinedionyl-des-Gly,-pexiganan side-product,
whose structure was similar to structure 33 (Scheme 7),
although the residues in position 2 and 3 were Ile and Gly.

A nice '"H NMR study from Barany and co-workers showed
the capacity of glyoxylyl peptides to react in water at pH 4.6
with an excess of guanidinium chloride (Gdn.HCI 35) or urea
37 A partial conversion of the glyoxylyl peptide 34 into
aminal 36 was observed with Gdn.HCI 35, which could be
reversed by extensive diafiltration. The reversibility of aminal
36 formation in water at pH 4.6 permitted oxime ligation to be
carried out in the presence of Gdn.HCl. However, the
oximation reaction rate decreased slightly by raising the
Gdn.HCI concentration from 6 to 8.5 M. On the other hand,
glyoxylyl peptide 34 was completely converted into aminal 38
in the presence of 8 M urea 37. The oximation reaction was
sluggish under these conditions and was accompanied by the
formation of other urea-derived byproducts.

Note that peptide derivatives of type 40 (Scheme 8) are
formed during the maturation of glycine extended peptide
prohormones 39.°%° The first step is catalyzed by a-
hydroxyglycine monooxygenase (Enz 1). 6 The second enzyme
peptidyl amidoglycolate lyase (Enz 2) then catalyzes the
decomposition of 40 to the peptide amide 41, ie., the active
hormone, and glyoxylic acid 1. Peptides 40 could also be
synthesized by direct reaction of peptide amides with glyoxylic
acid at elevated temperatures.”> %" The spontaneous or
enzyme-catalyzed conversion of peptidyl-a-hydroxyglycine
derivatives 40 into peptide amides of type 41 in blologlcal
fluids was used for designing prodrugs of peptide amides 41°
Note that the conversion of 40 into 41 is also catalyzed by
various transition metal ions (Mn>*, Co?*, Ni**, Cu**, Zn**, and
cd 2+)‘69

Some C-terminal peptide a-oxo aldehydes with the general
structure Aa'-Aa"-NH(CH,),NHCOCHO, synthesis of which
will be discussed later, have been shown to decompose partially
during lyophilization.”” MS analysis indicated the formation of
dimeric side-products, the structure of which was not
determined. Dimer formation was never observed in solution,
even on prolonged storage. Where it occurred, the degradation
could be prevented by adding an excess of mannitol to the
peptide solution before the lyophilization step. Mannitol
probably avoids the formation of dimers by a dilution
mechanism. The propensity of C-terminal peptide a-oxo
aldehydes to decompose during the lyophilization step was
highly dependent on the peptide sequence. However, no clear
relationship between peptide composition and sensitivity to
degradation was found. The fact that an acetylated polyalanine
C-terminal a-oxo aldehyde peptide degraded partially during
lyophilization suggested a potential reaction of the a-oxo
aldehyde with peptide bonds, in line with the capacity of
glyoxylic acid to react with amides as discussed above.””® To
the best of our knowledge, this side-reaction was never
observed with N-terminal glyoxylyl peptides.

B5. Reaction with Alcohols. Glyoxylic acid 1 as other
reactive aldehydes such as formaldehyde, acetaldehyde, or
glyoxal has been shown to oligomerize in aqueous solution. *C
NMR studies showed the formation of dimers with a
hemiacetal structure.”” Glyoxamides of type 2 (Scheme 1)

Scheme 8. Enzymatic Conversion of C-Terminally GIy-Extended Peptides into Peptide Amides (Enzl = @-hydroxyglycine

monooxygenase, Enz 2 = peptidyl amidoglycolate lyase)®>*®
O HH Enz 1 OHO H Enz 2 O
AR : \ > L s HeocoH
peptide” “N” “co,H peptide ” CO,H ~®— peptide” "NH; 2
H A
39 40 41 1
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also react easily with alcohols to give hemiacetals. Thus, the
analysis or purification of such compounds using chromato-
graphic methods can lead to the formation of hemiacetal side-
products in significant amounts if an alcohol such as methanol
or ethanol is present in the eluent. For example, Gaertner and
co-workers reported the formation of a methyl hemiacetal
derivative during the ESI-MS analysis of N-terminal glyoxylyl
IL-8 dissolved in methanol/water/acetic acid.”*

C. GLYOXYLYL GROUP: SYNTHETIC METHODS

C1. Periodate Oxidation of f-Amino Alcohols. The
capacity of periodic acid to oxidize vicinal diols is long known,
and was first discovered by Léon Malaprade in 1928.”> The
field has been reviewed recently.”* The possibility of extending
this reaction to f-amino alcohols such as serine or threonine
has been described by Nicolet and co-workers.”* The rate of the
oxidative cleavage of f-amino alcohols was found to be 10°—10*
times that of the vicinal diol analogues in sugar series.”> The
rate of periodate oxidation of S-amino alcohols such as 2-
aminoethanol depends on the pH of the aqueous solution, the
reaction rate being dramatically reduced at acidic pH due to
protonation of the amino group.”®””

The selectivity of this reaction for f-amino alcohols led
rapidly to its application to the determination of serine™”®*° or
threonine®" in protein hydrolysates or biological systems. The
formation of N-glyoxylyl peptides by reaction of seryl peptides
with periodate was mentioned in the 1950s.** The potential of
this reaction for the synthesis of N-glyoxylyl peptides and their
site-specific modification has been proposed by Dixon and co-
workers in their pioneering studies on corticotrophin (ACTH
42, Scheme 9).% In this work, the glyoxylyl group formed by

Scheme 9. Conversion of Ser' Residue of Corticotrophin 42
into N-Glyoxylyl Derivative 43 by Periodate Oxidation”
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“N-Glyoxylyl peptide 43 was further transaminated (X = H-Gly, 44a)®
or cleaved with 4-methylphenylene-1,2-diamine (X = H, 44b).>

periodate oxidation of N-terminal serine (42 — 43) was
converted in a second step into a Gly residue by transamination
with L-glutamate in the presence of cupric ions (43 — 44a).
The partial oxidation of the Met”" residue in ACTH 42 during
periodate oxidation was noted. The same group later reported
the removal of N-terminal residue of corticotrophin 42 by
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reacting glyoxylyl pesptide 43 with 4-methylphenylene-1,2-
diamine (43 — 44b).>%

Later on, this reaction was studied in more detail by
Geoghegan and co-workers.** In particular, these authors used
the N-terminal decapeptide derived from ACTH to optimize
and characterize the periodate oxidation step. Here again,
partial oxidation of a Met* residue was observed, especially at
pH below 7. Periodate oxidation at neutral pH limited Met
oxidation to acceptable levels, and left other residues such as
Tyr, Trp, or His unaltered, thereby confirming Dixon’s reports.
Although periodate oxidation of N-terminal Ser or Thr residues
proceeds much more rapidly than for other internal residues,
cysteine, cystine, methionine, tryptophan, tyrosine, and
histidine residues can also be oxidized by periodate, depending
on the experimental conditions. In line with this, periodate has
been shown to cause the loss of biological activitgr of some
proteins by modification of Tyr,***® Trp,* Met,*® or Cys®
residues. Consequently, synthesis of N-glyoxylyl peptides by
periodate oxidation of N-terminal Ser or Thr residues must be
carried out by carefully controlling the pH and stoichiometry of
the reaction, and by keeping the reaction time to a minimum to
avoid the overoxidation of the peptide chain or of
polysaccharide chains in the case of a glycoprotein. It is also
recommended to quench the reaction with an excess of
ethylene glycol or 2-ethanolamine and to purify the product
immediately. A typical example is the periodate oxidation of
ribonuclease-S protein (RNase A 21—124 glycoprotein), which
required S min at room temperature in a 2-fold excess (~S0
UM) of periodate.® In this work, Dixon’s group used 1,2-di-(p-
dimethylaminophenyl)ethane-1,2-diol to quench the excess of
periodate and determine spectrophotometrically the amount of
oxidant consumed in the reaction. To stress again the
importance of controlling the conditions of periodate oxidation,
we would like to mention that even compounds devoid of
sulfur containing amino acids (Met, Cys) can be degraded by
periodate if prolonged reaction times and/or high reagent
concentrations are used. For example, Vilaseca and co-workers
reported the synthesis of a carrier molecule H-Gly,-[Lys-
(COCHO)J;-Gly-OH, which was obtained by periodate
oxidation of seryl precursor H-Gly;-[Lys(H-Ser)]-Gly-OH.*
Good vyields were obtained using dilute solutions (5 uM
peptide, SO uM periodate) whatever the reaction time (5 min
to 1.5 h). At 250 pM peptide concentration (2.5 mM
periodate), slight degradation of the polyaldehyde molecule
was observed even for short reaction times (S min). Addition of
ethylene glycol (2 equiv over periodate) after S min of reaction
was found to prevent the overreaction of the target peptide.

Soon after the report of Geoghegan and co-workers,**
Gaertner and co-workers reported the use of the same method
for synthesizing human granulocyte colony stimulating factor
(G-CSF) derived glyoxylyl peptides.”® Periodate oxidation of
Ser is now an established method for synthesizing N-glyoxylyl
peptides and has been intensively used in bioconjugation
chemistry.” It is probably the most frequently used technique
today, even though novel nonoxidative methods have appeared
recently,®*>?"> which allow circumvention of the problems
associated with the oxidation of sulfur-containing amino acid
residues.

Modification of proteins by an a-oxo aldehyde group is
straightforward when the protein sequence starts with a Ser or
Thr residue. For example, chemokine RANTES features a Ser
residue on the N-terminus. Periodate oxidation of RANTES
followed by oxime bond formation with aminooxypentane

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765
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Scheme 10. Application of Isopropylidene-p-Tartaramide Linker to the Synthesis of Lipidic @-Oxo Aldehydes'"
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generated aminooxypentane (AOP)-RANTES, a potent in-
hibitor of infection of diverse cell types by HIV-1.""7>* This
RANTES analogue was also produced by total chemical
synthesis.”

When the native sequence of the protein features residues
other than Ser or Thr at the N-terminus, it is possible to mutate
this position using standard recombinant techniques. A typical
example is the synthesis of F(ab’),-carboxypeptidase G2
(CPG2) conjugates reported by Werlen and co-workers with
the goal of developing an antibody-directed enzyme prodrug
therapy.”* CPG2 is an enzyme which has the capacity to
convert nontoxic prodrugs into toxic drugs. CPG2 N-terminal
Ala residue was replaced by Thr. Mutated CPG2 was oxidized
with periodate in the presence of methionine. @-Oxo aldehyde
CPG2 was conjugated to a F(ab’), carbohydrazide derivative
through formation of a hydrazone bond.

Several groups have used the periodate oxidation of a seryl
residue for attaching the a-oxo aldehyde group to the end of
Lys side-chains.">*”>~'% This approach allows incorporation
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of the a-oxo aldehyde group anywhere in the peptide sequence.
This approach has proven its usefulness for the functionaliza-

tion of cyclic peptide templates,'*'*!

or peptide den-
drimers."**>'®~'% In particular, the functionalization of lysine
dendrimers or templates by a-oxo-aldehyde groups and the use
of chemoselective ligation methods for the preparation of
artificial proteins or multiple antigenic peptides (MAPs) have

92,105,106

been pioneered by Tam and co-workers. and Rose and

co-workers 1395103104

A Lys(H-Ser) residue can be introduced into peptides using
standard fert-butyloxycarbonyl (Boc) solid phase peptide
synthesis (SPPS) protocols. For example, Tam and co-workers
described the synthesis of peptide H-
AlaAlaValAlaLeuLeuProAlaValLeuLeuAlaLeuLeuAlaLys(H-
Ser)-NH, by first coupling Boc-L-Lys(Fmoc)-OH to 4-
methylbenzhydrylamine resin.”® After the peptide elongation
step, the peptidyl resin was treated with piperidine to remove

the Fmoc group present on the Lys side-chain. Boc-L-Ser(Bzl)-
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OH was then coupled to the & amino group before HF
deprotection and cleavage of the peptide from the resin.

Another possibility is to use the Fmoc-SPPS and an
orthogonal protecting group such as methyltrityl (Mtt)'”” or
allyloxycarbonyl (Aloc)'®® groups for the side chain of Lys
residues. Resin selective deprotection of the &-amino group of
Lys is followed by the coupling of a protected serine derivative
such as Boc-L-Ser(fBu)-OH. Deprotection and cleavage of the
peptide from the resin in trifluoroacetic acid generates the
Lys(H-Ser) peptide which can be oxidized in solution in a
subsequent step. An alternative is to incorporate Na-Fmoc-
protected lysine'®" or diaminopropionic acid (Dap)®” deriva-
tives featuring a Boc-L-Ser(tBu) residue on their side-chains
during the Fmoc SPPS.

Periodate oxidation of seryl residues is compatible with some
hydrazone bonds. For example, Vilaseca and co-workers
reported the synthesis of protein conjugates of defined
structure by forming in a first step a hydrazone bond between
a protein hydrazide and an aldehyde template featuring several
Lys(H-Ser) residues.”” After this step, seryl residues were
converted into a-oxo aldehyde groups by treatment with
periodate. Finally, reaction of the formed aldehyde groups with
drugs possessing a hydrazide group generated homogeneous
protein—drug conjugates.

Periodate oxidation of seryl residues is also compatible with
O-alkylhydroxylamine functionality.>"®” Formation of a-oxo
aldehyde group in the presence of an O-alkylhydroxylamine
results in the spontaneous formation of the oxime product
either inter->" or intramolecularly.””

C2. Periodate Oxidation of 1,2-Diols. As discussed
above, the periodate oxidation of a Ser residue is a simple
method for attaching the a-oxo aldehyde group to the N-
terminus of peptides. Incorporation of this functionality on or
near the C-terminus is less straightforward. A solution to this
problem is to incorporate a protected Lys(H-Ser) residue at the
C-terminus during the peptide elongation step, as already
mentioned before. An alternative based on the use of a Fmoc-
SPPS compatible isopropylidene-n-tartaramide (IPT) solid
support has been described as shown in Scheme 10.”7%'% In
this work, a tartaric acid derivative was chosen as an a-oxo
aldehyde surrogate since periodate oxidation of tartaric acid'"
or tartaric acid amide''’ derivatives is known to yield the
corresponding a-oxo aldehydes efficiently. Dimethyl-2,3-O-
isopropylidene-p-tartrate 45, which is commercially available,
was used to build IPT linkers as shown in Scheme 10. Tartrate
derivative 46 was generated by dissolving water and DBU in a
10-fold excess of dimethyl-2,3-O-isopropylidene-D-tartrate 4S.
Carboxylate 46 was then coupled to a valine derivatized water
compatible resin such as polyethylene glycol polyacrylamide
copolymer (PEGA)""? resin using in situ BOP activation. The
presence of a Val residue was essential to prevent succinimide
formation and thus the premature cleavage of the linker in the
subsequent steps. Reaction of ester resin 48 with an excess of
diamine such as 1,3-diaminopropane 49a (H,N-X-NH,, X =
(CH,);) or 4,7,10-trioxa-1,13-tridecanediamine 49b (H,N-X-
NH,, X = (CH,);(OCH,CH,),0(CH,);) generated IPT solid
supports 50a,b ready for the Fmoc SPPS. The time required for
converting ester resin 48 into IPT resins 50a,b depended on
the nature of the diamine used in this step (20 min for 49a, 45
min for 49b). Diffusion filtered high resolution magic angle
spinning NMR (DF HR-MAS NMR) was found to be a useful
analytical technique for optimizing IPT linker synthesis.”>""
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The isopropylidene group is stable in the presence of
piperidine. It is removed during the final deprotection step in
TFA. The use of an acid-stable bond between tartaramide
moiety and PEGA resin resulted, after TFA treatment, in a
deprotected peptide 52a,b-S still attached to the solid support.
Treatment of the peptidyl resin with periodate led to the
simultaneous formation of a C-terminal a-oxo aldehyde group
and to the detachment of the peptides 53a,b from the resin.
Oxidative cleavage of the 1,2-diol moiet?f occurred within few
minutes in aqueous acetic acid.””'°*''® These conditions
resulted also in the concomitant oxidation of Met or Cys
residues when present in the peptide sequence. Oxidation of
Cys could be prevented by using tert-butylsulfenyl protection
for the side-chain thiol group.”® Alternatively, the use of an acid
labile linker such as Rink linker permitted the isolation of
soluble tartaramide peptides 52a,b, which were further oxidized
in solution with periodate. The latter strategy is preferred when
the peptide features moieties sensitive to oxidants such as Met
or biotin, since the oxidation step can be monitored and
adapted more easily than for the solid phase reaction. A typical
example is the synthesis of biotinylated peptide H-Lys(biotin)-
AlaTyrValLeuAlaGly-NH(CH,),(OCH,CH,),0-
(CH,);NHCOCHO, which required the performance of the
oxidative cleavage of the tartaramide precursor at pH 6.5 in the
presence of methionine.''* A recent adaptation of tartaramide
linker for the solid phase synthesis of lipidic a-oxo aldehydes
involved the coupling of carboxylate 46 to a TFA resistant
amine resin, followed by the removal of isopropylidene
protecting group in TFA (48 — 54, Scheme 10).'" Solid
phase amidification with 1,3-diaminopropane 49a was followed
by the coupling of various lipidic moieties among which TFA
sensitive fatty acids such as linoleic acid $6. Finally, oxidative
cleavage of the tartaramide moiety led to the detachment of the
lipidic a-oxo aldehydes of type §7. In this case, removal of the
isopropylidene moiety in an early step of the synthesis avoided
the exposure of sensitive lipid moieties to TFA. Tartaramide
derivatives were also used successfully for the synthesis of a-oxo
aldehyde functionalized one-bead-one-compound libraries,''®
oligodeoxynucleotides,''* 4-aminoquinoline derivatives,''” or
Wang resin''® to cite only few applications.

C3. Masked Glyoxylic Acid Equivalents. The synthesis of
a-oxo aldehyde functionalized peptides or proteins by oxidative
cleavage of f-amino alcohols or 1,2-diols with periodate has
met with a lot of success in bioconjugation chemistry. However,
one major limitation of these synthetic methods is the potential
degradation of Met, Cys, and sometimes other residues during
the oxidative cleavage. To overcome this problem, several
groups have explored the use of protected a-oxo aldehyde
derivatives which can be introduced on the peptide chain
during SPPS. Glyoxamides of type 2 (Scheme 1) usually
decompose in the acidic cocktails used for peptide deprotection
and cleavage. Thus, the a-oxo aldehyde protecting group must
be stable during the acidic resin cleavage and side-chain
deprotection reactions, but easily removed in solution in a
subsequent step.

One early attempt in this direction is the work of Tam and
co-workers describing the synthesis of a-oxo aldehyde lysine
dendrimers.”? For this, a- and &-amino groups of lysine
dendrimers were modified with glyoxylic acid dimethyl acetal
58 (Figure 1) using standard coupling procedures. The
dimethyl acetal is stable in TFA because of the stabilization
effect of the adjacent carbonyl group. It was hydrolyzed in
concentrated hydrochloric acid.

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

(e}
S
T e
YS
59
Figure 1. Dimethyl acetal 58° or diisopropylthio acetal $9°'
derivatives of glyoxylic acid.
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Later on, another glyoxylic acid derivative 59 (Figure 1)
featuring a diisopropyl thioacetal moiety was described by
Qasmi and co-workers.”" Dithioacetal 59 was introduced in the
last stage of the Fmoc-SPPS, and survived the TFA cleavage
and deprotection step. Unmasking of the aldehyde group was
carried out in water/acetonitrile solution in the presence of N-
bromosuccinimide.

The harsh conditions used for deprotecting amide derivatives
of dimethylacetal $8 or diisopropylthioacetal 59 stimulated the
development of a,a'-diaminoacetic acid derivatives 61a,b
(Scheme 11).%°7% Derivatives 61a,b were easily prepared in

Scheme 11. Synthesis of @,a’-Diaminoacetic Acid
Derivatives 61a°>%* or 61b°"%
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one step by reacting glyoxylic acid monohydrate 3 with the
corresponding carbamates 60a,b. These a@-oxo aldehyde
surrogates were introduced after Fmoc-SPPS using standard
activation procedures, and survived the peptide deprotection
and cleavage step in TFA (Scheme 12). Peptides 63a,b were
purified using standard HPLC procedures. Unmasking of the
glyoxylyl group was carried out in solution. Derivative 63a was
unmasked using DBU in DMFE.%*®* In this case, peptide
concentration was shown to strongly influence the purity of the
target a-oxo aldehyde. Indeed, high peptide concentrations (>$
mmol/L) favored the formation of an amidine side-product
featuring two peptide chains linked through their N-termini.
The use of a large excess of DBU (>30-fold excess) or dilution
of the reaction mixture down to 1 mmol/L permitted
suppression of amidine side-product formation, and enabled
isolation of glyoxylyl peptides in good yield.®*

Derivative 61b (Scheme 11) was designed to allow
unmasking of the a-oxo aldehyde group in water using mild
conditions.®"® In this case, the cleavage of the carbamate bond
is triggered by the reduction of the disulfide bond by a
phosphine and the subsequent intramolecular nucleophilic
attack of the thiol group on the carbamate carbonyl bond.
Indeed, treatment of peptide derivatives of type 63b (Scheme
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Scheme 12. Synthesis of Glyoxylyl Peptides 34 Using Fmoc-
SPPS and a,a’-Diaminoacetic Acid Derivatives 61a,b%°~%*
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12) with tris(2-carboxyethyl)phosphine (TCEP) at pH 8.3
resulted in the very clean formation of the corresponding a-oxo
aldehydes using nonoxidizing and very mild experimental
conditions.

C4. Transamination. Studies in the 1940s showed the
reversible interconversion of pyridoxal and pyridoxamine by
transamination in the presence of an amino acid at a
temperature above 100 °C.""” Inhibition of the transamination
reaction by citrate or ethylenediaminetetraacetate suggested a
potential catalysis by traces of metal ions. Indeed, copper(II),
iron (Il or III), and aluminum(III) and to a lesser extent
nickel(I) or cobalt(Il) ions were found to catalyze the
transamination reaction at 100 °C.'*° Four years later,
Cennamo and co-workers applied a similar metal-catalyzed
transamination reaction to peptides and isolated the corre-
sponding 2,4-dinitrophenylhydrazones."" A significant advance
was made by Mix and co-workers, who showed that the
transamination was accelerated by pyridine due to general-base
catalysis.'** This observation was rapidly exploited by Dixon
and co-workers for performing the transamination of peptides®
or proteins'>® at room temperature using glyoxylic acid as the
aldehyde donor. Later on, the reaction was improved by using
acetate buffer instead of pyridine.'**'>

The probable mechanism of the metal-catalyzed trans-
amination reaction is shown in Scheme 13."*° It first involves
the formation of metal ion complex 65 which features an imine
bond between glyoxylic acid and the a-amino group of the
starting peptide 64. Abstraction of the a-proton by a base
triggers the formation of complex 66, hydrolysis of which yields
glycinate ion 67 and a-oxo aldehyde (R = H) or ketone (R #
H) 68. The role of the metal is to stabilize the imine bond
within 65 and to render the a-proton more acidic.

Recent investigations revealed the usefulness of pyridoxal-5-
phosphate (PLP) 69 (Scheme 14) for performing the
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Scheme 13. Catalysis of the Transamination between N-
Terminal Residue in Peptides and Glyoxylic Acid by Metal
Ions'?®

. .
H R M H‘\ R ¢
H H* -H,0 [wH
O + Ne oo 72 =N i
0] HoN peptide =<—>== O l\‘/l"" N\
OH ] oo peptide
1 64 65
R R
A H MO NH, ©O
_ o:(r?'r:&—,\r S o:( 24 NH
oMo’ peptide o o \peptide
66 67 68

transamination reaction in water, at nearly neutral pH and in
the absence of metal ion catalyst.">” The experimental
conditions are very mild and preserve the fold and binding
properties of various ‘Proteins such as myoglobin,"”’ green
fluorescent protein,"*” or antibodies."*® The scope and
limitations of this PLP transamination reaction have been
studied.””"*° The yields for the transamination of an N-
terminal glycyl residue, one of the most favorable amino acids,
are in the range 40—80%. This reaction is thus a valuable tool
for producing N-terminal glyoxylyl peptides or proteins.

C5. Quantification of @-Oxo Aldehydes in Solution.
The previous sections show that several solution or solid-phase
synthetic methods currently enable straightforward access to
peptides or proteins derivatized by an a-oxo aldehyde group.
The availability of analytical tools permitting the quantitative
detection of a-oxo aldehydes with a good sensitivity is of prime
importance for characterizing the biomolecules derivatized by
this group, or for determining the concentration of the a-oxo
aldehyde partner prior to a chemical reaction.

Dixon and co-workers developed a method for the
quantification of glyoxylyl groups in peptides or proteins
based on the detection of the corresponding 2,4-dinitrophe-
nylhydrazone by UV spectroscopz. This method requires a
standard curve for each aldehyde.'”"

An alternative method relies on the formation of the
corresponding O-benzyloxime by reaction with an excess of
O-benzylhydroxylamine. The amount of O-benzylhydroxyl-
amine consumed in the reaction, which is related to the
concentration of the peptide a-oxo aldehyde, is quantified by
HPLC by comparing the area of the O-benzylhydroxylamine
peak before and after the derivatization step. This method is
more suited for the analysis of several samples since it can be
automated and does not require a standard curve for each
aldehyde."**

C6. Preparation of a-Oxo Aldehyde Functionalized
Materials. In the postgenomic area, proteomic research has
stimulated the development of miniaturized high-throughput
screening techniques and in particular of peptide or protein
microarray techniques. These devices allow the screening of
thousands of molecules while needing small quantities of

reagents or biological material. Usually, microarrays are
prepared on a flat substrate on which the capture molecules
are applied in a controlled fashion using robotic systems. The
target molecules can be immobilized on a solid substrate such
as a metal (ie, gold), a metal oxide (i.e., titanium oxide), a
metalloid oxide (i.e,, silicon oxide), or an organic polymer (ie.,
polystyrene, polycarbonate) using different techniques. The
need for controlling the orientation and density of target
molecules has stimulated the development of site-specific
immobilization techniques, most of which were derived from
site-specific ligation methods already used for producing
bioconju§ates in aqueous solution. The field has been reviewed
recently.**'** Another area of research which has benefited
from site-specific ligation chemistries is the design of
biomaterials and more generally of bioorganic—inorganic
materials. Here again, the properties of materials can be
profoundly changed by grafting biomolecules in a controlled
manner.

Not surprisingly, a-oxo aldehyde-based ligation chemistries
have met a lot of success in these fields. There are several
reasons for this. One important aspect is the development of
efficient methods givin§ access to a-oxo aldehyde function-
alized biomolecules®~0>708491,92,109,126,127" (. materi-
als,”'*7M*! and the high reactivity of this aldehyde moiety,
which compensates for the usually low concentrations of
ligating partners. Another advantage is the stability of the bonds
formed with a-oxo aldehydes compared with other alde-
hydes.”>""*'**!*3 Moreover, hydrazone and oxime ligations are
compatible with internal Cys residues and are insensitive to air
oxidation, in contrast to thiol-based ligations. Last but not least,
the contamination of surfaces is minimized since hydrazone,
oxime, or thiazolidine ligations proceed spontaneously in
aqueous media in the absence of additives and without side-
product formation, apart from one molecule of water. The
discussion below is focused on the preparation and use of a-oxo
aldehyde surfaces.

C6.1. Silica Substrates. One of the early attempts to adapt
glyoxylyl chemistry to silicon oxide substrates was described by
Lam and co-workers in 2001.** The goal of the study was to
prepare peptide or small molecule microarrays for cell adhesion
or functional assays. This required the immobilization of
peptide probes by reacting N-terminal aminooxyacetyl or Cys
peptides with glyoxylyl-functionalized microscope glass slide
substrates. a-oxo aldehyde functionalized glass slides were
prepared by coupling Fmoc-L-Ser(tBu)-OH to amino-function-
alized glass slides. Tert-butyl and Fmoc protecting groups were
removed in this order by soaking the slides in TFA and
piperidine in DMEF, respectively. Finally, a-oxo aldehyde groups
were formed by treating the slides with periodate in phosphate
buffered saline (PBS). An alternative method based on the
coupling of ethylene acetal protected glyoxylic acid to amine
slides was described in the same paper. Deprotection of the
acetal group was carried out by soaking the slides in dilute HCL
The same group described later on the preparation of a-oxo

Scheme 14. Transamination using Pyridoxal-S-Phosphate 69 (PLP)"*’
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Scheme 15. Synthesis of @-Oxo Aldehyde Functionalized Silicas Using GAPS 72 and Periodate Oxidation"*’
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Scheme 16. Synthesis of a-Oxo Aldehyde Functionalized Silicas Using Diisopropylthio Acetal Derivative 75
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aldehyde functionalized glass slides by coupling acrylic acid to
amine slides followed by ozonolysis of the carbon—carbon
double bond."** Despite the optimization of @-oxo aldehyde
glass slide preparation and printing procedures, the quality of
the microarrays was found to be highly variable and unable to
meet the criteria for high-throughput screening studies.'*> One
explanation for the disappointing results observed with
glyoxylyl glass slides is the potential oligomerization of
glyoxamide groups on the surface, in line with the known
capacity of glyoxylic acid to form acetal oligomers in solution or
to react with amide groups as already discussed in section B.
These reactions might be favored by the high local
concentration of glyoxylyl group on the surface. Another
aspect which has not been studied is the potential catalysis of
these side-reactions by the silanol groups present within the
silica material.

At the same period, Durand and co-workers also described
an efficient method for preparing glyoxamide silicas'* using
triethoxysilylpropylgluconamide 72 (GAPS, Scheme 15) as the
a-oxo aldehyde precursor. Besides 1,2-diols, periodate is known
to cleave and oxidize a-hydroxy ketones and a-diketones, but
not a-keto amides such as glyoxamide group.'*® On this basis, it
was anticipated that the oxidative cleavage of the gluconamide
chain would end up with the formation of an a-oxo aldehyde
group. CP MAS *C NMR analysis of the silica 74 obtained by
treating gluconamide silica 73 with periodate in aqueous acetic
acid showed resonances at 87.5 ppm which are typical of the a-
oxo aldehyde function in the hydrated form. Signals which
could have arisen from partial oxidation of the gluconamide
chain were not observed.

Subsequently, the diisopropylthio acetal derivative 59 (see
Figure 1)*" was used as the a-oxo aldehyde precursor for the
synthesis of glyoxamide silicas as shown in Scheme 16."*” First,
silane 76 was coupled to activated ester 75, i.e., the 3-hydroxy-
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1,2,3-benzotriazin-4(3H)-one ester derivative of diisopropylthio
acetal derivative 59, to give silane 77. The latter was
subsequently polymerized in the presence of water, tetrame-
thoxysilane, and ammonium fluoride used as catalyst for the
gelation procedure. The diisopropyl acetal moiety was removed
subsequently using NBS in aqueous acetonitrile. The successful
formation of a-oxo aldehyde groups within the silicas was
verified using CP MAS C NMR spectroscopy and other
analytical techniques.

The various a-oxo aldehyde silicas prepared in this study
were ligated with a model a-hydrazinoacetyl peptide Fmoc-
GlyAsnAlaArgGlyArgGlyAsnGInGlyLys(COCH,NHNH,)-
NH, (the synthesis and properties of hydrazinoacetyl peptides
are discussed in more detail in section D1.5)."** The Fmoc
group enabled the determination of the ligation yield by
piperidine treatment and UV quantification of the piperidine-
dibenzofulvene adduct released in solution. Ligation yield was
60% for high loadings (250 ymol/g) and close to 0% for small
loadings (SO pmol/g). In contrast, the ligation yields obtained
by reacting semicarbazide silicas with peptide a-oxo aldehydes
were high (>84%), even for the less substituted silicas. These
studies show the efficiency of a-oxo aldehyde Schiff-base
chemistry for linking peptides to inorganic surfaces, but also the
importance of attaching the a-oxo aldehyde to the soluble
peptide rather than to the silica substrate. Overall, these results
are in line with the low reactivity of a-oxo aldehyde glass slides
reported by Lam and co-workers.”*

C6.2. Gold Substrates. Another key material for the design
of micro or nanosystems is gold. This metal is used for the
fabrication of conductive electrodes,l3’6’l49_153 of surface
plasmon resonance (SPR)-based detection systems,'>*'>> of
piezoelectric sensors,'>® and of nanoparticles-based materi-
als,>>15715% to cite only a few applications. A great advantage
of gold is its strong affinity for sulfur compounds, which
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provides an efficient and simple means of functionalization.">

Indeed, thiols as well as their disulfides react efliciently with
metallic gold to give monolayers. The reaction of thiols with
gold proceeds through the oxidative addition of an S—H bond
to the gold surface, followed by a reductive elimination of
hydrogen. In the case of disulfides, the chemisorption probably
proceeds through the oxidative addition of an S—S bond to the
gold surface.

One of the first applications of glyoxylyl chemistry in this
field was reported by Scheibler and co-workers,"® who used
regioselectively addressable functional templates (RAFT) for
the synthesis of self-assembled monolayers (SAMs) on gold.
For this, a bifunctional RAFT molecule presenting two
alkanethiol moieties for binding to gold surface on one face,
and four serine residues on the opposite face as glyoxylyl group
surrogates was synthesized by a combination of solid phase and
solution chemistries. The RAFT molecule was attached to gold
through thioalkane linkers. Serines were oxidized with period-
ate in a subsequent step, and glyoxylyl groups thus formed were
ligated with an aminooxyacetyl-derivatized peptide antigen. The
use of a gold substrate enabled the use of diverse analytical
techniques such as SPR, time-of-flight secondary-ion mass
spectrometry (TOF-SIMS), and Fourier transform infrared
(FTIR) spectroscopy, for characterizing the formation of the
SAM, its functionalization by several consecutive surface
chemical reactions, and finally the specific capture of a
monoclonal antibody by surface-bound peptide antigen.

Gold nanogaps, i.e., gold nanoelectrodes separated by a gap
of a few nanometers, show great promise for the electrical
detection of nucleic acids*®! or proteins.Hg'151 In these systems,
the electrons are transferred from one nanoelectrode to the
other as a consequence of a specific binding event occurring
between the nanoelectrodes. For this, one of the biochemical
probes used in the detection experiment is labeled with gold
nanoparticles (GNPs). Insertion of the GNPs inside the
nanogap facilitates the transfer of electrons by a tunneling
effect. The fabrication of functional nanogaps requires
controlled positioning of the capture molecules inside the
nanogap in the space delimited by the metallic walls of the
nanogap and the substrate. In this context, the control of the
physicochemical properties of the substrate between the
nanoelectrodes is of prime importance, since the presence of
a specific chemical group within the nanogap can not only serve
for the attachment of probe molecules, but also ensure the
imbibition of the nanogap. The filling of the nanogap by the
surrounding aqueous phase is essential for allowing the
diffusion of target molecules and the occurrence of chemical
or biochemical reactions inside the nanogap. Imbibition
properties of the nanogap can be deduced from the
macroscopic physicochemical properties of surfaces and
liquids."® In contrast, probing the presence of a specific
chemical group inside the nanogap is highly challenging due to
the dimensions of the system.

Melnyk and co-workers designed functionalized GNPs for
probing the presence of chemical groups within a nanogap
using electrical detection.*® In a proof of concept study
(Scheme 17), a-oxo aldehyde derivatized GNPs 80 (HCOCO-
GNPs) were synthesized by reacting bifunctional peptide 79,
featuring a N-terminal Ac-Cys(StBu) residue and a C-terminal
glyoxylyl group, with 10 nm gold GNPs. The diameter of the
GNPs was below the gap width to allow their diffusion and
insertion inside the nanogap. The thiol group of the Cys
residue served for the attachment of the peptide to the GNPs.
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Scheme 17. Synthesis of HCOCO-GNPs by Reaction of
GNPs with Bifunctional Peptide 79"
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The a-oxo aldehyde served as a chemical probe for the
presence of semicarbazide groups inside the nanogap. Disulfide
79 reacted efficiently with the GNPs, thereby avoiding the need
to reduce the Cys(StBu) residue in the presence of the a-oxo
aldehyde group. Indeed, the use of a reducing thiol such as
dithiothreitol (DTT) or TCEP would require purifying the
reduced peptide prior to reaction with the GNPs.

The principle underlying the detection of semicarbazide
groups inside a nanogap using HCOCO-GNPs 80 is presented
in Figure 2. HCOCO-GNPs 80 and control GNPs were printed
on the nanogaps using a noncontact piezoelectric microarrayer.
The chips were washed and analyzed by scanning electron
microscopy. HCOCO-GNPs 80 inserted inside the nanogap,
whereas different control GNPs did not (data not shown).
Importantly, the presence of GNPs inside the gap resulted in
large current increments with factors between 2 and 4 orders of
magnitude compared to bare nanogaps, as well as in typical
I(V) curves. This study constitutes the first demonstration of
the presence of a specific functional group in a nanogap by
combining peptide-capped gold nanoparticles and electrical
detection.

C6.3. Other Metallic Surfaces. Metal oxides are used in
various fields of research and in particular for the design of
biomaterials. The modification of the surface properties of
metal oxides is often an important step in many applications.
The use of phosphonic acids for the modification of metal
oxide-based materials has grown significantly in the last
decades, due to the ease of formation and stability of the M—
O—P bond.

Phosphonic acid chemistry was used by Durand and co-
workers for the preparation of metal oxide farticles decorated
with a-oxo aldehyde groups (Scheme 18)."*' Phosphonic acid
derivative 81, featuring a diisopropylsulfenyl acetyl moiety as a-
oxo aldehyde surrogate, was successfully grafted onto TiO,,
SnO, or Al,O; particles. Analytical data were consistent with
the formation of a dense monolayer. Removal of the
diisopropylsulfenyl moiety with NBS yielded a-oxo aldehyde
particles 82. The reactivity of the particles was confirmed by
ligating 3-methyl-2-benzothiazolinone hydrazone (MBTH 83)
onto the surface of the particles and detecting the hydrazone
formed 84 by fluorescence spectroscopy.

C6.4. Surface Plasmon Resonance Spectroscopy Chips.
Surface plasmon resonance (SPR) spectroscopy is a label free
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Figure 2. Principle of the selective detection of a chemical group inside a nanogap using electrical detection. Images on the left correspond to
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scanning electron microscopy analyses of the nanogaps.

Scheme 18. Synthesis of @-Oxo Aldehyde Derivatized Metal
Oxide Particles, and Hydrazone Ligation with MBTH 83'*'
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technique enabling the study of specific or nonspecific
adsorption processes occurring near a thin metal film. Given
the importance of SPR for studying biomolecular interactions
and determining binding constants and kinetics, various
methods have been developed for immobilizing biomolecules
on SPR chips. In particular, the design of site-specific
immobilization techniques is of prime importance for
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presenting a probe to the aqueous medium while retaining
the accessibility of binding sites and its native fold. Not
surprisingly, chemoselective chemical ligations which were first
developed for the controlled assembly of large scaffolds in
aqueous solution were also often applied to the immobilization
of biomolecules on SPR chips.

Nice and co-workers have developed a practical method for
the site-specific immobilization of N-terminal cysteinyl peptides
on carboxymethyldextran-derivatized SPR chips using thiazoli-
dine ligation (Scheme 19).®* For this, surface exposed carboxyl
groups were coupled to 1,2-ethylenediamine. Free primary
amino groups were then coupled to water-soluble 2-(phenyl-
(methyl)sulfonio)ethyloxycarbonyl (PMS)-protected serine
86."°* Removal of the PMS group in aqueous sodium
hydrogenocarbonate generated a free serine residue which
was oxidatively cleaved with sodium periodate to give a
glyoxamide sensor chip 88. This substrate permitted the
efficient immobilization of a 15 amino-acid N-terminal Cys
peptide epitope derived from epidermal growth factor receptor
(EGFR). The binding affinity of the site-specifically immobi-
lized EGFR epitope for a monoclonal antibody was significantly
higher compared to other thiol or amine non-site-specific
coupling chemistries.

C6.5. Lipidic Colloids. Lipidic colloids such as liposomes are
increasingly used for studying biological processes occurring on
cellular membranes. For example, peptido- or proteoliposomes
have been used for reconstituting in vitro several aspects of
intracytoplasmic membrane trafficking. Lipidic colloids are also
used as vectors for the transport of active compounds in vitro as
well as in vivo. The use of these objects usually requires
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Scheme 19. Preparation of Glyoxylyl-Functionalized SPR
Sensor Chips Using Water-Soluble 2-
(Phenyl(methyl)sulfonio )ethyloxycarbonyl (PMS)-
Protected Serine 86'%
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adapting their surface properties for controlling their half-life in
biological fluids or for targeting specific cells or organs. The
components to be presented on the lipidic colloids can be
modified by lipid chains to allow their insertion into artificial
membranes. This strategy can be problematic because lipid
conjugates are often difficult to synthesize and to purify. In this
context, the ligation of the components to preformed lipidic
colloids presenting a specific chemical group on their outer
surface appears to be an interesting alternative which has been
investigated by several groups.

One early attempt to decorate liposomes with a@-oxo
aldehsyde groups used lipidic anchor 89 as shown in Scheme
20.'*° Lipidic anchor 89 was modified by two palmitoyl groups
for allowing stable insertion into liposomes. Hydrazone ligation
of a-hydrazino acetyl peptide 90 with the liposome/89

Scheme 20. @-Oxo Aldehyde Anchor 89 Was Inserted in
Liposomes during Their Preparation and Used for Grafting
LAMP-Derived @-Hydrazinoacetyl Peptide 90 through
Formation of a Hydrazone Bond'®®
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preparation proceeded efficiently and generated peptidolipo-
somes 91. The peptide sequence used in this study is derived
from the cytoplasmic domain of transmembrane lysosomal-
associated membrane protein (LAMP). Incubation of lip-
osomes 91 with pig brain cytosol permitted the specific
recruitment of AP-3 coat complex, which is known to
participate in membrane trafficking by interacting with the
cytoplasmic domain of LAMP,'%

a-Oxo aldehyde and hydrazone chemistries have also been
used for the modification of multilamellar vesicles obtained by
shearing of lipid lamellar phases. These lipidic particles can
encapsulate DNA.""” They have proved efficient as vectors for
the transport of active compounds in vitro as well as in vivo.
Hydrazone ligation was shown to be a simple and efficient
method for grafting specific ligands onto these lipidic particles.
In particular, mannose mimetics were used to improve the
uptake of multilamellar vesicles by dendritic cells.'®® In another
application, an RGD peptide was used to promote the adhesion
of the lipidic particles to endothelial cells."**'*

D. GLYOXYLYL GROUP-BASED LIGATION METHODS

D1. Hydrazone Ligation. Ligation by hydrazone or
semicarbazone chemistry is perhaps the oldest method used
for synthesizing conjugates (Scheme 21). For example, Girard’s

Scheme 21. Different Types of @-Oxo Hydrazone or
Semicarbazone Ligations Discussed in This Review
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reagents, which were originally designed for extracting steroid
ketones or aldehydes from complex samples in the 1930s,'”°
were recently used as selective chemical probes for detecting
and quantifying keto or aldehyde groups within proteins.'”"
The mechanism of hydrazone formation has been studied in
detail by Jencks's and Sayer’s groups.'”>”'’* The reaction
proceeds through the formation of a carbinolamine, which
dehydrates into a hydrazone. At low pH, the rate-limiting step
is a hydronium ion-catalyzed formation of the carbinolamine.
At intermediate pH (pH 4—6), the rate-limiting step is an
uncatalyzed or solvent-catalyzed addition of the free
nucleophile to the carbonyl group. At higher (neutral) pH,
the rate-limiting step for Schiff base formation is the acid-
catalyzed dehydration of the carbinol amine.'”>'”* Hydrazone
reactions are typically fastest at approximately pH §, ie., the
experimental conditions for which the rate-limiting step is an
uncatalyzed addition of the free nucleophile to the carbonyl
group. With hydrazine derivatives of type 92 (Scheme 21)
possessing an acidic NH hydrogen such as acetylhydrazide, the
rate of the uncatalyzed addition of the nucleophile to the
aldehyde is significantly higher than expected due to the
stabilization of the developing negative charge on the carbonyl
by internal protonation. Clearly, carbinol amine and hydrazone
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Table 1. Properties of Hydrazones Derived from Hydrazines 92 (Scheme 21)

entry  type of hydrazone structure stability remarks ref
1 Benzaldehyde ] Hydrolysis after 18 h: R
hydrazone o pH 4.2: 41 %; pH 5.0
/U\ 38 %; pH 6.0: 10 %; pH
Alk N’N\ 8.0:1%
H H
Decomposition after 24 x 20 reaction rate %
[e] (o] h: pH 3: 32 %; pH 5 in 50 % DMSO.
2 93a )J\ .N - and 7: 0 %; pH9:26 %  Ligation or ¥
Alk™ NS N exchan;
H H 8¢
H
catalysed by
aniline
)OJ\ o No hydrolysis after 24 h 114
©,
3 93b “n N,N\W/KN/ at 65°C and pH 7.5
H H | H
jJ)\ o No variation in signal 143,
. 85
~i _N _ strength for the !
4 93b Z—N" "N \ﬁ)kN serodetection of
- H H g H antibodies after storing
peptide microarrays chips 12 months at
37°C and 60% relative
humidity
5 Benzaldehyde o O._ 40 % of hydrolysis after 192
semicarbazone P )J\ " ﬁ 24 h at 65°C and pH 7.5
Z—N7 NS
e
- H H H
desoxyoligonucleotide microarrays
H R O o
6 93b Ne Ao N Stable at pH 7.4 Ligation at pH '**
ONT NN )
H H H 8.0
o] H
R y O e} Partial hydrolysis and Ligation at pH *
7 93¢ - J\[fN\ )J\ /Nﬁ/k -~ exchange of F(ab’)2- 4.6
u u n A E CPG2 conjugate at pH
0 H 7.4 and 37°C after 24 h
(not quantified)
o o}
8 93d - N Stable at pH 6-8 after Ligation at pH '®
N =N 4shatarec 5.0
H
H H
H o
9 93 P Good stability at pH 2 Ligation i It- %
e AN R L e
H H P : 207
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|
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(HPLC purification)

1,3,4-
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formation are affected by the structure of the aldehyde and
amine nucleophile so that determination of the optimal pH for
ligation for each given pair of reactants is worth considering.
Various hydrazine derivatives have been used for hydrazone
ligation (92a—f, Scheme 21). Hydrazides of type 92a are
derived from aliphatic carboxylic acids. Such hydrazides have
been used for several decades for modifying glycoproteins, on
which aldehyde groups can be created by reaction with
periodate or enzymatic oxidation."”*~"”” For example, Itaya
and co-workers have reported the labeling of galactose oxidase
treated erythrocytes with methionine sulfone hydrazide.'”®
Interestingly, hydrazone formation on the cell surface was
significantly accelerated in the presence of Mn*". To the best of
our knowledge, such a catalytic effect has not been exploited
very much since. Lam and co-workers were the first to describe
the use of carboxylic acid hydrazide and carboxybenzaldehyde
modified proteins for synthesizing protein—protein conjugates
(Table 1, entry 1)."”® The stability of the resulting hydrazone
was modest at pH 4-35, since about 40% of the hydrazone
hydrolyzed after 18 h at 25 °C. The authors also observed a
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hydrazide exchange in the presence of an excess of
acetylhydrazide. Reduction of the hydrazone bond with sodium
cyanoborohydride permitted stabilization of the conjugates.
Recently, carboxybenzaldehyde hydrazone chemistry was used
for attaching benzoic acid hydrazide-modified peptides to
Cowpea mosaic virus nanoparticles,>” or for attaching proteins
to 6-hydrazinopyridine-derivatized biosensor surfaces.”® The
reaction of 6-hydrazinopyridyl-derivatives with aromatic
aldehydes was catalyzed by the addition of aniline.>

D1.1. Alkylhydrazides. Reaction of alkylhydrazides of type
92a with a-oxo aldehyde-derivatized peptides, proteins, or
dendrimers was also found to be a useful ligation method
(Scheme 21).”° In aqueous solution, the equilibrium between
carboxylic acid hydrazide 92a and a glyoxamide derivative of
type 2 usually favors the formation of the hydrazone 93a.
Typically, at 1 mM for both reactants, the fraction of hydrazone
93a is about 90%. However, the fact that the equilibrium
kinetics are slow has hampered the application of hydrazone
ligation to dynamic covalent chemistry (DCC). Dawson and
co-workers have shown that the equilibrium kinetics for a-oxo
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hydrazone formation and hydrolysis are catalyzed by aniline
(see Scheme 6). Likewise, aniline catalyzes the hydrazide
exchange reaction and should facilitate the application of this
ligation reaction to DCC.*

a-Oxo hydrazone ligation with alkylhydrazides has been used
in a vast array of applications. For example, Tam and co-
workers reacted peptide hydrazides with a-oxo aldehyde
derivatized lysine dendrimers for assembling multiple antigenic
peptides (MAPs).”” Interestingly, the resulting a-oxo hydra-
zone bond was found to be stable in water at pH 5—7. Some
decomposition was observed at pH 3 or 9 (Table 1, entry 2).
These data, which can be compared to the stabilities reported
Lam and co-workers for the N-acetylhydrazone of p-
carboxybenzaldehyde (see Table 1, entry 1), show the interest
of using a-oxo aldehydes for obtaining hydrazone conjugates
with increased stability. Vilaseca and co-workers have ligated 4-
desacetyl vincaleukoblastine C3 hydrazide to a-oxo aldehyde
lysine-based carrier molecules with the aim of preparing
cytotoxic antitumor conjugates.”’ Up to five 4-desacetyl
vincaleukoblastine C3 hydrazide molecules were attached to
the carrier which was found to be stable at neutral pH for at
least 24 h, but hydrolyzed partially at pH 2 in less than 5 h.

Chelius’s group has reported an interesting apoplication of a-
oxo hydrazone ligation in proteomic research.'®’ In this work,
N-terminal seryl or threonyl peptides present in tryptic digests
were converted into N-terminal glyoxylyl peptides by oxidation
with periodate, and subsequently ligated with a biotin hydrazide
derivative. The labeled peptides were separated from the
complex mixtures by affinity purification with streptavidin prior
to liquid chromatography mass spectrometry analysis. A recent
application of a-oxo hydrazone ligation for the site-specific
modification of RANTES was also reported by Gaertner and
co-workers."®' RANTES features a threonine residue on its N-
terminus, which was easily converted into a N-terminal
glyoxylyl group by oxidation with periodate. Glyoxylyl-
RANTES was reacted with an excess of an alkylhydrazide
modifier. The hydrazone was reduced in the presence of
NaCNBHj; prior to HPLC purification.

Hydrazone ligation of alkylhydrazides with a-oxo aldehyde
derivatives was also applied to immobilizing peptides to
surfaces. For example, hydrazone ligation of an N-terminal
glyoxylyl peptide derived from parathyroid hormone to an
alkylhydrazide-derivatized poly(lactic-co-glycolic acid) (PLGA)
polymer permitted an improvement in the biocompatibility of
this polymeric material."®* In another application, an N-
terminal glyoxylyl peptide ligand of laminin receptor was ligated
to liposomes decorated with poly(ethylene glycol) hydrazide
chains, in an attempt to improve its circulating longevity.

The modest stability of a-oxo hydrazone ligation derived
from alkylhydrazides at mildly acidic pH has often been
regarded as a limitation. On the other hand, the acid lability of
some acylhydrazones can be advantageously exploited for the
design of pH-sensitive scaffolds. A recent application of this
kind has been reported by Tung’s group, who used the a-oxo
hydrazone bond as a probe for the presence of an acidic
environment (pH 4.5 or 6.5)."** No hydrolysis was observed at
pH 7.4.

D1.2. Semicarbazides. The chemistry of semicarbazides was
also examined in the field (hydrazine derivatives of type 92b in
Scheme 21). In particular, a-oxo semicarbazone ligation was
used for the chemoselective immobilization of a-oxo aldehyde
peptides, 251 14135137139, 147149,185-188 1o ide cobalt—carbonyl

189 1. -1 114,190 .
complexes, ~ oligodeoxynucleotides, or nanoparticle
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probes'*® on semicarbazide-derivatized surfaces such as
silicon, 8% silica 2> 14143147185 gilicate, "7 titanium oxide,'®’
diamond,'”" or polycarbonate.”*>"**'®® The q-oxo semi-
carbazone bond was stable in solution during 24 h at pH 7.5
and 65 °C (Table 1, entry 3). In line with this, peptide
microarrays fabricated by printing a-oxo aldehyde peptide
probes on semicarbazide microscope glass slides were stable for
at least 12 months in an accelerated aging study (Table 1, entry
4). Podyminogin and co-workers also reported the fabrication
of DNA microarrays by printing benzaldehyde-derivatized
oligonucleotides on semicarbazide microscope glass slides.'”>
In contrast to a-oxo semicarbazone (Table 1, entry 3),
hydrolysis of benzaldehyde semicarbazone bond was significant
after 24 h at pH 7.5 and 65 °C (Table 1, entry S). These data
again highlight the large difference in stability between Schiff
bases prepared from a-oxo aldehydes and benzaldehydes.

To the best of our knowledge, ligation between semi-
carbazide and glyoxylyl peptides has not been used so much for
the synthesis of conjugates. One reason for this can be the lack
of methods giving access to semicarbazide peptides such as 95,
i.e,, peptides featuring a hydrazinocarbonyl group on their N-
terminus (Scheme 22). It was shown recently that a

Scheme 22. Fmoc-SPPS Synthesis of N-Terminal
Semicarbazide Peptides 95
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hydrazinocarbonyl group can be easily attached to the N-
terminus of peptides after the Fmoc-SPPS elongation step by
using tert-butylcarbazate derivative 94.°>'** Semicarbazide
peptide 95 survived the TFA cleavage and deprotection step
but hydrolyzed rapidly during analytical or preparative RP-
HPLC at pH 2. In contrast, the use of an eluent system
buffered at pH 6.5 permitted prevention of semicarbazide bond
hydrolysis and isolation of semicarbazide peptides 95 in good
yield.

Another interesting observation is the capacity of the
semicarbazide group of peptide 95 to react with an a-oxo
aldehyde moiety at pH 8 (Table 1, entry 6). This property was
exploited for designing a one-pot procedure permitting the
synthesis of peptide—protein conjugates based on a carbon-
ylation-semicarbazone bond forming reaction sequence
(Scheme 23)."* For this, bifunctional peptide A 97 featuring
an a-oxo aldehyde group and an N-succinimidylcarbonyl group
was reacted at pH 8.0 with surface-exposed amino groups of a
protein to form stable urea bonds. This resulted in the grafting
of peptide A molecules onto the surface of the protein. N-
Terminal semicarbazide peptide B 99 was then added to the
mixture to give conjugate 100. The number of peptide A and B
chains attached to the protein can be adjusted by varying the
stoichiometry of both reactions. This method was validated by
the rapid synthesis of a biologically active Shiga toxin B-subunit
conjugate.
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Scheme 23. One-Pot Synthesis of Peptide Protein
Conjugates Can Be Performed by Combining N-
Succinimidyl Carbamate Chemistry and a-Oxo
Semicarbazone Ligation®
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“Both reactions were carried out at pH 8.0.""* For clarity, this scheme
shows as an example the grafting of two peptide A chains and of one
peptide B chain.

D1.3. Carbohydrazides. Reaction of carbohydrazide deriv-
atives of type 92c (Scheme 21) with a-oxo aldehydes and other
aldehydes was studied by Rose and co-workers during their
pioneering studies on the preparation of protein conjugates
using protein carbohydrazides (Table 1, entry 7).%>?%%19>=1%7
Protein carbohydrazides, which feature a carbohydrazide group
attached to the C-terminus of the protein, were produced by
enzyme-assisted reverse proteolysis of proteins in the presence
of an excess of carbohydrazide. This method permitted the
semisynthesis of various carbohydrazide proteins derived for
example from des-Ala®-insulin®”'**'*> or from an F(ab’),
fragment.”*'”” Hydrazone ligation with a-oxo aldehydes is
highly efficient and permitted the synthesis of large scaffolds
such as insulin octahydrazone (47605 Da)'®* or a F(ab’),-
carboxypeptidase G2 conjugate (147 kDa).”*

In another application, Geoghegan and co-workers reported
an efficient synthesis of double fluorescent enzyme substrates of
renin or collagenase using hydrazone ligation of a §-
carboxytetramethylrhodamine-labeled N-terminal glyoxylyl
peptide with a carbohydrazide derivative of Lucifer Yellow.'*®

D1.4. Arylhydrazines. The reaction between arylhydrazines
of type 92d (Scheme 21) and a-oxo aldehydes was studied by
Tam and co-workers.'” Peptides derivatized on the N-
terminus by a 4-hydrazinobenzoyl group were prepared by
coupling Boc-NHNH-C,H,—CO,H to the peptidyl resin.
Ligation between N“-4-hydrazinobenzoyl peptide and a
tetrameric a-oxo aldehyde MAP core matrix proceeded rapidly
and efficiently at pH 5. The tetrameric hydrazone was stable at
37 °C at pH 6—8 for up to 48 h (Table 1, entry 8).

D1.5. Hydrazinoacetamides. The usefulness of a-hydrazi-
noacetamides of type 92e (Scheme 21) for hydrazone ligation
with peptide a-oxo aldehydes has been studied in detail by
Melnyk and co-workers. Fmoc SPPS is the method of choice
for the peptide elongation step because some degradation of
the N—N bond was observed in HE.'”” A a-hydrazinoacetyl
group can be introduced into peptides after SPPS by solid
phase N-electrophilic amination'””~>%* of an N-terminal glycine
residue'””*** with N-Boc-3-(4-cyanophenyl)oxaziridine 102
(BCPO, path a, Scheme 24). The usefulness of this reagent
for the synthesis of hydrazine derivatives in solution was
originally described by Collet and co-workers.”** a-Hydrazi-
noacetyl peptides 107 can also be synthesized by solid phase
nucleophilic substitution of bromine atom of bromoacetyl
group by tert-butylcarbazate BocNHNH, 104 (Scheme 24, path
b).29>?% However, the more practical method for introducing
the a-hydrazinoacetyl group during Fmoc-SPPS is to use
N,N,N'-tris(Boc)hydrazinoacetic acid 106, ie., (Boc),NN-
(Boc)CH,CO,H, which is commercially available. It can be
coupled to a- or e-amino groups using standard activation
procedures (Scheme 24, path c)."*® Note that mono- and
diprotected derivatives of a-hydrazinoacetic acid such as
BocNHNHCH,CO,H or BocNHN(Boc)CH,CO,H can lead
to variable amounts of oligomeric side-products depending on
the activation procedure, and therefore must be avoided."**

Scheme 24. Access to a-Hydrazinoacetyl Peptides 107 by N-Electrophilic Amination of an N-Terminal Glycine Residue with
BCPO 102,""”?% by Nucleophilic Displacement of Bromine Atom of Bromoacetyl Group by BocNHNH, 104,>°>%° or by
Coupling (Boc),NN(Boc)CH,CO,H 106 to a Peptidyl Resin'*®
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Scheme 25. Mechanism of Thiazolidine Formation between L-Cysteine and Formaldehyde®’
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The hydrazinoacetyl group is highly reactive toward a-oxo
aldehydes and enables ligations to be carried out in the absence
of buffer in tert-butanol/water mixtures.'®'”?°7 The great
interest of a high yielding salt-free hydrazone ligation is the
possibility of skipping the purification or desalting step which
inevitably leads to loss of material. The final product is obtained
following a simple lyophilization step. The procedure is of
particular value for synthesizing lipopeptides, whose purifica-
tion by HPLC is known to be problematic due to their
amphiphilic properties,'® or mixtures of lipopeptides as
potential synthetic vaccines."” Another significant advantage
of hydrazone ligation in a salt-free medium is the possibility of
easily combining hydrazone ligation with another chemo-
selective ligation in a sequential manner.”*” Indeed, if a salt-free
hydrazone ligation is carried out in the first step of the assembly
process, a second ligation can be carried out subsequently in
the buffer of choice with no need to separate the intermediate
hydrazone product, or to adjust the pH or composition of the
mixture. This aspect will be discussed in more detail later in the
section dedicated to one-pot sequential ligation methods.

Hydrazones obtained by reaction of a-hydrazinoacetyl
peptides 107 with a-oxo aldehydes have a good stability at
pH 2, thereby allowing HPLC purification of the ligated
products using standard HPLC separation procedures (Table 1,
entry 9).>%

To conclude this section on a-hydrazinoacetyl peptides, it is
important to mention that the chemical properties of hydrazino
groups of type 92e are critically dependent on the presence of a
carboxamido group in close proximity to the N—N bond. The
pK, of a-hydrazinoacetyl group is 6.5,° ie, about 1.5 pK,
units less than the pK, of a glycyl residue®® or of N-
ethylhydrazine.”” For comparison, reaction of N-alkylhydra-
zine derivatives of the type 92f (Scheme 21) such as &-amino
lysine'**~>** containing peptides (Table 1, entry 10) with
peptide a-oxo aldehydes gave mixtures of the expected
hydrazone together with significant amounts of a 1,34
oxadiazolidine side-product, the proportion of which was
highly dependent on pH and peptide composition.*"

D2. Thiazolidine Ligation. The facile reaction of cysteine
with various aldehydes to give stable thiazolidine products has
long been known. Schubert studied the reaction of methyl or
phenylglyoxal with various thiol compounds in 1935.>'" Those
presenting a free amino group in close proximity to the thiol
such as cysteine were found to give stable adducts with
elimination of one mole of water. The products formed in this
reaction were rapidly identified as being thiazolidines.”'>*"?

The mechanism of thiazolidine formation between cysteine
and formaldehyde has been studied in detail (Scheme 25).>°
The fast formation of hemithioacetal 110 has been observed in
a broad pH range. However, dehydration of hemithioacetal 110
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into sulfonium ion intermediate 111 is unlikely to occur to a
significant extent. Thus, although hemithioacetal 110 is formed
more rapidly than carbinol amine 112, dehydration of the latter
and the subsequent intramolecular cyclization of iminium
intermediate 113 into thiazolidine product 114 is believed to be
the main mechanistic pathway. The rate-determining step for
thiazolidine formation is the formation of carbinol amine
intermediate 112 at acidic pH, whereas dehydration of carbinol
amine 112 is rate-limiting at basic pH. The transition between
these two rate-determining steps occurs at about pH 6, thereby
explaining the bell-shaped relationship between the rate of
thiazolidine formation and pH.

The related thiazolidine ligation of a peptide a-oxo aldehyde
with a N-terminal cysteinyl peptide is shown in Scheme 26.

Scheme 26. Thiazolidine Ligation between a Peptide a-Oxo
Aldehyde and a Cysteinyl Peptide®>'*>'%

o] HS
ide.. H )
peptide NJ\H/ . peptide
H o 2
0]
115

34

@]
0]
-H,0 peptide\N)Kj\M
- H H u peptide
+ HpO
116

Note that this reaction results in the formation of an
asymmetric center within the thiazolidine ring. The mechanism
of this reaction has not been studied in detail. For aldehydes,
the reactive form toward nucleophilic attack is the unhydrated
form. In the previous reaction of L-cysteine with formaldehyde,
dehydration of formaldehyde was not rate-determining.>’ As
discussed at the beginning of this review, the hydrate form of a-
oxo aldehyde group predominates in aqueous solution. The
importance of a-oxo aldehyde dehydration to the rate of
thiazolidine ligation remains to be established.

Thiazolidine ligation proceeds efficiently in water at pH 4—6.
The reaction is accelerated when N-methylpyrrolidone (NMP)
or DMF is used as cosolvent, or by raising the temperature of
the reaction mixture.'® Formylation side-products have been
observed sometimes with DMF as cosolvent."® Thiazolidine
ligation is compatible with the use of Gdn.HCL*®*'*

The potential of thiazolidine ligation for the site-specific
ligation of unprotected peptide segments was realized only in
the mid 1990s with the seminal work of Tam and co-workers,
who exploited this reaction as a site-specific capture step for
designing a pseudonative amide bond forming reaction
(pseudoproline ligation®'*'®) or for assembling complex
scaffolds such as MAP dendrimers.””'*>'® This chemistry
was also used by Tam’s group for synthesizing end-to-side-
chain cyclic peptides, starting from a peptide precursor
featuring a N-terminal Cys residue and an a-oxo aldehyde
group on a lysine side-chain.”"” Thiazolidine ligation involving
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a-oxo aldehydes has proved to be a useful ligation method for
the site-specific labeling of a single-chain antibody,218 of mouse
epidermal growth factor,”’” and for assembling various
structures such as cell-permeable peptides,”® template-assisted
synthetic protein scaffolds (TASP),*'* or various peptide-based
conjugates such as peptide—lipid conjugates.

D3. Oxime Ligation. Reaction of an aldehyde or ketone
group with a hydroxylamine results in the formation of an
aldoxime or ketoxime compound, respectively, and in the
elimination of one molecule of water. The application of this
reaction to glyoxylyl peptides is described in Scheme 27. The

tide—peptide conju§ates,223_227 or for attaching oligonucleo-

tides™*® or peptides™ to various surfaces.

Oxime ligation has also been used for the assembly of
homogeneous MAPs, dendrimers (for the synthesis of an
insulin octaoxime dendrimer of 48 kDa, see ref 104) or of
branched multivalent scaffolds.”>*>'***** Very often, these
synthetic constructs have been evaluated as potential synthetic
vaccines.'>'>1%>?31723% Eor example, Rose’s group reported a
method for the synthesis of well-defined immunogens using
two sequential serine oxidative cleavage/ oximation reactions as
shown in Scheme 28.2** In this work, the N-terminal threonine

Scheme 27. Oxime Bond Formation with a-Oxo

Aldehydes®>?'%*
O e}
peptide.. )S(H JoR -HO0  peptide.. )S/H
N . HNTR O e N
o +H,0 AN o0—R
34 117 118

potential of this reaction for the chemoselective synthesis of
large scaffolds was pioneered by Rose’s group in the mid
1990s,”® which reported in a seminal paper the synthesis of a 20
kDa scaffold assembled by oxime ligation of a N-terminal
aminoxyacetyl peptide to an octavalent glyoxylyl lysine
template.

Soon after this discovery, Tam’s”> and Rose’s'®* groups
independently examined the effects of pH and other parameters
on the rate and yield of oxime bond formation and stability.

Tam’s group examined the ligation of a 20-amino-acid N-
terminal aminoxyacetyl peptide to a tetravalent glyoxylyl MAP
core and found that increasing the pH from 4.2 to 5.7 led to an
increase of the reaction rate, with the concomitant increase of
side-product formation.”” The optimal pH for oxime ligation
thus appeared to be around 5.0. Addition of an organic
cosolvent such as DMF (50%) or heating the reaction mixture
from 22 to 37 °C increased the rate of oxime ligation. With
regard to the stability of the oxime bond, the tetravalent
construct was stable for 24 h at pH 3, 5, or 7 but hydrolyzed
partially (21%) into a three-branched dendrimer at pH 9.

Rose’s group examined the effect of pH on the rate of oxime
ligation using small model peptides or an hexaglyoxylyl
polylysine template and a 12-amino-acid N-terminal amino-
xyacetyl peptide.'® The study with small model peptides
showed a significant decrease in reaction rate with increasing
pH (3.0, 4.6, and $.3), while no reaction was observed at pH
7.0. The same trend was observed with the hexaglyoxylyl
polylysine template, in contradiction with Tam’s studies. Rose’s
group also examined the stability of the oxime bond at different
pH values. The oxime bond was stable for 65 h at pH 7.0, for
20 h at pH 80, or for 2 h at pH 9.0, but significant
decomposition was observed after 65 h at pH 9.0 or 10.

Note that, as discussed in detail earlier in this review, oxime
ligation of peptide a-oxo aldehydes with hydroxylamine
derivatives can be catalyzed by aniline, thereby now enablin§
oxime ligations to be performed efficiently at neutral pH.*~*
Aniline has been shown also to catalyze oxime ligation of a
peptide a-oxo aldehyde to an aminoxyacetyl-functionalized SPR
chip.**!

Since its discovery, oxime ligation involving peptide a-oxo
aldehydes has been used in a myriad of applications. For
example, glyoxylyl chemistry®'*%?*2722* and oxime ligation
have been extensively used for the synthesis of oligonucleo-
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Scheme 28. Synthesis of Cholera Toxin B Subunit (CTB)-
Derived Immunogens Using Two Sequential Serine
Oxidative Cleavage/Oximation Reactions**
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residue of Cholera toxin B subunit (CTB, 119) was converted
into glyoxylyl-CTB 120 using sodium periodate in the presence
of methionine. Oxime ligation of glyoxylyl-CTB 120 with
aminooxyacetyl linker 121 yielded CTB intermediate 122,
which was again oxidized with the sodium periodate/
methionine mixture to provide pentavalent glyoxylyl CTB
derivative 123. Finally, oxime ligation with aminoxyacetyl
functionalized antigen 124 generated hexaoxime construct 125,
which was isolated by gel filtration. A variant of this approach
using an aminoacetaldehyde functionality for the first ligation
step, formed by hydrolysis of an aminoacetaldehyde dimethy-
lacetal precursor, has been described by Delmas and co-
workers.”>?

In another application, a-oxo oxime ligation was used to
attach a VEGF-R2 binding peptide to the surface of
multilamellar vesicles, as a potential way to target the vesicles
to angiogenic cells.”*® For this, a hydroxylamine derivative of
cholesterol was synthesized and incorporated into the multi-
lamellar vesicles. Incubation of the functionalized vesicles with
the soluble N-terminal glyoxylyl peptide at pH 5.5 led to the
attachment of the peptide to the surface of the vesicles.

Glyoxylyl chemistry and oxime ligation have also been used
for the synthesis of homogeneous Fab’-enzyme conjugates of
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potential therapeutic interest. For example, the N-terminal
threonine residue of f-lactamase from Enterobacter cloacae
strain P99 126 (Scheme 29) was oxidized with sodium

Scheme 29. Synthesis of an Fab’-fi-Lactamase Conjugate 131
by Combining Oxime and Thiol-Maleimide Chemistries”**
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periodate to give glyoxylyl B-lactamase 127.>*° Oxime bond

formation with bifunctional linker 128 featuring aminoxyacetyl
and maleimide groups generated maleimide-functionalized f-
lactamase intermediate 129, which was finally conjugated to a
Fab’-SH segment 130 using thiol-maleimide chemistry to give
conjugate 131.

Another interesting application of the oximation reaction
involving a-oxo aldehydes is the synthesis of cyclic peptides by
intramolecular oxime bond formation as shown in Scheme
30.”7%%7 For example, Mutter’s group synthesized cyclic
oxytocin analogues featuring an oxime bridge instead of a
disulfide bridge as in the native peptide.”” In these studies, the
N-terminal serine residue of peptide 132 was oxidized in the
presence of a free aminoxyacetyl group. The glyoxylyl
intermediate 133 evolved spontaneously into cyclic product
134. The alternative cyclization mode with the aminooxyacetyl

group on the N-terminus and the glyoxylyl group on the lysine
side-chain was also examined.

Various studies have also exploited the ease of synthesis of N-
terminal glyoxylyl proteins and oxime ligation for the site-
specific introduction of modifications on the N-terminus of
proteins. For example, Gaertner and co-workers described the
modification of the amino terminus of IL-8 or G-CSF by
various polyethylene glycol chains with the aim of improving
their pharmacokinetics.”' More generally, a-oxo aldehyde
chemistry has frequently been used for the site-specific
conjugation of polymers to pe tides or proteins. The field
has been reviewed recently.”****® In another application, the
semisynthesis of potent human immunodeficiency virus-type 1
(HIV-1) entry inhibitor aminooxypentane (AOP)-
RANTES"212%72% 4nd of other RANTES derivatives'®'
constitutes a seminal contribution to the field of protein
engineering using a-oxo aldehyde and site-specific oxime
conjugation chemistries.

Finally, a-oxo oxime ligation has been used extensively by
Mutter and co-workers”® and more recently by Dumy and co-
workers for synthesizing template assembled synthetic proteins
(TASP, also called regioselectively addressable functionalized
template RAFT) as potential functional mimics of proteins or
as scaffolds for the simultaneous presentation of multiple
binding or functional moieties (ligation of divalent aminooxy
TASP to bis glyoxylyl peptide for loop formation,”® ligation of
tetravalent glyoxylyl TASP to 4 mono or oligosaccharide
aminoxy ligands,'®***?** ligation of tetravalent aminooxy
TASPs to 4 glyoxylyl cyclic ArgGlyAsp peptide”*>** to cite a
few applications). The field has been reviewed recently.'®"

Dumy and co-workers have also developed methods to
selectively decorate the two faces of TASP scaffold usin(g two
sequential a-oxo oxime forming reactions (Scheme 31)."” For
example, a TASP scaffold 135 derivatized by four seryl residues
on one face as a-oxo aldehyde precursor and two amino-
oxyacetyl groups on the other face was first ligated with
CHOCO-GlyGly(LysLeuAlaLysLeuAlaLys),-OH peptide 136
to give dioxime product 137. Seryl residues were then
converted to glyoxylyl groups with sodium periodate to give
tetraaldehyde compound 138. Finally, oxime ligation with an
aminooxyacetyl-derivatized cyclic ArgGlyAsp peptide 139
generated the target hexaoxime construct 140.

E. ONE-POT SEQUENTIAL LIGATIONS

Site-specific ligations can be combined sequentially in certain
circumstances, thereby giving access to complex and homoge-
neous scaffolds. The field has been reviewed recently.”*” The
example discussed in the previous section and illustrated in
Scheme 31 illustrates the powerfulness of such methods. The
combination of only two site-specific ligations potentially gives
access to a vast array of conjugates in which different motifs can
be clustered or associated, thereby enabling tailoring for novel
biological or physicochemical properties. Very often, sequential

Scheme 30. Synthesis of Cyclic Peptides by Intramolecular Oxime Ligation
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Scheme 31. Two Sequential @-Oxo Oxime Ligations Enable the Selective Functionalization of the Two Faces of RAFT Scaffolds
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ligations require an intermediate isolation step, because the
efficiency of the first ligation step or the experimental
conditions used for it are not compatible with the second
ligation step. The need for rapid access to complex synthetic
conjugates in good yield has stimulated the design of one-pot
sequential ligation techniques, which are the focus of this
section.

Various sequential ligation schemes have been described to
date, but only very few are one-pot processes. Kent’s group has
pioneered the field by assembling a 20 kDa Max homodimer
mimetic using a one-pot thioester and ketoxime ligations
process.”*® Not surprisingly, the powerfulness of a-oxo
aldehyde based chemoselective ligations has stimulated various
developments in this area.

One of the first applications of glyoxylyl group chemistry for
the one-pot chemoselective assembly of complex scaffolds was
disclosed by Melnyk and co-workers in 2000 (Scheme
32).2%52% Lysine-based dendrimer 141 featuring an a-oxo
aldehyde group on the C-terminus and 8 chloroacetyl groups
on its periphery was synthesized on a solid phase using the
dimethyl-2,3-O-isopropylidene-D-tartrate-based linker and poly-
ethylene glycol-dimethylacrylamide copolymer (PEGA) resin as
discussed earlier in this review.””'® The assembly was carried
out by first ligating chloroacetyl groups with the mercapto-
sugar derivative 142 at pH 8.5. After 24 h, the pH of the
reaction mixture was adjusted to 5.2 to allow the second a-oxo
hydrazone ligation step with a-hydrazinoacetyl modified HA
epitope ProLysTyrValLysGlnAsnThrLeuLysLeuAlaThr
143"%%2% to proceed. The target glycopeptide dendrimer 144
was purified by HPLC (51% yield) thanks to the stability of the
hydrazone bond in the acidic water/acetonitrile eluent (pH 2).
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The reverse sequence of reactions, ie, a-oxo hydrazone/
thioether ligations, also proved satisfactory for tetravalent
chloroacetyl/a-hydrazinoacetyl-functionalized dendrimers as
shown in Scheme 33.>* In this case, the first a-oxo hydrazone
bond was formed efficiently in a salt-free tBuOH/water
mixture.'"” Thioether ligation was subsequently triggered by
the addition of mercapto-sugar derivative 142 and potassium
carbonate.

More recently, Dumy and co-workers designed one-pot
sequential assembly methods enabling the synthesis of
sophisticated TASP conjugates. The method described in
Scheme 34 combines a-oxo oxime ligation and the copper(I)-
catalyzed 1,3-dipolar cycloaddition of organic azides and
terminal alkynes (CuAAC).® The first a-oxo oxime ligation
was carried out in acidic solvent starting from TASP molecule
148, thereby enabling the one-pot deprotection of amino-
oxyacetyl moieties and oxime bond formation to give scaffold
151. The pH was then adjusted to 7 to allow the CuAAC
reaction to proceed. The methodology was used later on for
synthesizing fluorescently labeled TASP molecules decorated
with carbohydrate and cyclic peptide ArgGlyAsp motifs.>*’

Later on, the concept was extended to a one-pot triple
orthogonal sequential chemoselective ligation process based on
an q-oxo oxime/thioether/CuAAC reaction sequence.”*

F. GLYOXYLYL GROUP CHEMISTRY AND SEMI OR
TOTAL PROTEIN SYNTHESIS

Chemical synthesis is now established as a complement and
potential alternative to the use of recombinant techniques for
producing small proteins. Interestingly, chemical synthesis
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Scheme 32. One-Pot Assembly of Lysine-Based Cluster Mannosides Using Thioether and @-Oxo Hydrazone Chemoselective
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“PKYVKQNTLKLAT is the one-letter code for ProLysTyrValLysGInAsnThrLeuLysLeuAlaThr.>*>2%

allows the introduction at specific sites of various natural or
non-natural modifications that are often difficult to achieve
using recombinant techniques.”>" Total chemical synthesis of
proteins can be carried out by joining unprotecte ge3pt1de
segments using native peptide ligation methods.”*
alternative is to use protected or minimally protected peptide
segments which are linked together using amide bond forming
reactions. Glyoxylic acid chemistry has permitted the design of
novel routes to functionalized peptide segments useful for both
types of synthetic approaches.

F.1. Introduction to Native Chemical Ligation. To date,
only a few native peptide ligation methods have been
described.”>*~?*® Basically, all these reactions proceed through
a chemoselective capture step which brings into close proximity
the C-terminus of one segment and the N-terminus of the
other. This intermediate then spontaneously rearranges to give
a native peptide bond between the two segments. Today, the
field of total protein synthesis is dominated by Native Chemical
Ligation (NCL, Scheme 3S), which was reported by Kent’s

755

group in 1994.>°**°**%? NCL is based on the reaction of a C-
terminal peptide thioester 153 with an N-terminal Cys peptide
115. This reaction proceeds through a thioester-linked
intermediate 154 formed in the capture step by thiol—thioester
exchange. The peptide acyl chain spontaneously migrates
intramolecularly from sulfur to nitrogen to yield a native
peptide bond. Expressed protein ligation (EPL) is the extension
of NCL to peptide thioesters produced using recombinant
techniques.”®

NCL also works well with a large variety of - or y-amino
thiols or selenols derived from proteinogenic amino acids,
either by modification of the a-amino group with a thiol
auxiliary or by incorporation of a mercapto or seleno group into
the amino acid side-chain. The goal is to overcome the problem
associated with the low frequency of cysteine residues in
proteins. In particular, a lot of work has been done to extend
NCL to the formation of X-Gly peptide bonds, since Gly is a

. . P 261
frequently occurring amino acid in proteins.”" This is one
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Scheme 33. One-Pot Assembly of Lysine-Based Cluster
Mannosides Using a-Oxo Hydrazone and Thioether
Chemoselective Ligation Reactions”
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Scheme 34. One-Pot Assembly of TASP Molecules Using a
Sequential @-Oxo Oxime/CuAAC Sequence®
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definitely interesting application of glyoxylyl chemistry in the
field of total protein synthesis.

Scheme 35. Native Chemical Ligation (NCL)>*%*>*%*
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F.2. Glyoxylyl Peptides and NCL at X-Gly Sites. Ligation
at X-Gly sites can be carried out by reacting a C-terminal
peptide thioester with another peptide segment featuring a
removable N”-(2-mercaptobenzyl) auxiliary on the glycine a-
amino group. The principle of the method is illustrated in
Scheme 36 with the 4,5,6-trimethoxy-2-mercaptobenzyl auxil-

Scheme 36. Ligation at X-Gly Junction Using NCL and 4,5,6-

Trimethoxy-2-mercaptobenzyl Auxiliary”®"
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iary developed by Dawson’s group.z‘s1 Intermediate 157 formed
in the NCL process was further deprotected in TFA to generate
peptide 158 with a native X-Gly junction. A 4,5- dlmethoxy 2-
mercaptobenzyl group is equally effective but requires HF**" or
a mixture of trifluoromethanesulfonic acid (TEMSA)/TFA'
for its removal.

Aimoto’s group described an elegant route to N%-4,5-
dimethoxy-2-mercaptobenzyl glycyl peptides 161 (Scheme
37) based on the reductive amination of N-terminal glyoxylyl

Scheme 37. Synthesis of N*-4,5-Dimethoxy-2-
mercaptobenzyl glycyl Peptides 161 Using the Reductive
Amination of N-Terminal Glyoxylyl Peptides in the Presence
of 41,g-Dimethoxy-2-(triphenylmethylthio)benzylamine
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peptides in the presence of 4,5-dimethoxy-2-
(triphenylmethylthio)benzylamine 159. This step was followed
by removal of the trityl group with TFA to give peptide
segment 161, ready for ligation.'® The great interest of using N-
terminal glyoxylyl peptides as a source of peptide segments of
type 161 is the possibility of using peptides or proteins of
biological origin for assembling large proteins. Indeed, as
described at the beginning of this review, large N-terminal
serine or threonine peptides can be produced using
recombinant techniques and further converted into N-terminal
glyoxylyl peptides by periodate oxidation or transamination.
An alternative for the ligation at X-Gly sites is to use N*-(1-
phenyl-2-mercaptoethyl)-derived auxiliaries as shown in
Scheme 38.2%>7°** The method is illustrated with the use of

Scheme 38. Use of N*-(1-Phenyl-2-mercaptoethyl)-Derived
Auxiliaries for Ligation at X-Gly Sites Using NCL*®
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N*-(1-(2',4’-dimethoxyphenyl)-2-mercaptoethyl) auxiliary de-
signed by Kent’s group, which can be removed in TFA after the
ligation step.>*>

Usually, the N*(1-phenyl-2-mercaptoethyl)-derived auxilia-
ries are added to the peptide chain during SPPS, after the
peptide elongation step. As an alternative to the development
of solid phase approaches, Aimoto’s group designed an access
to peptides derivatized by an N®-(1-(2'-nitrophenyl)-2-
mercaptoethyl) auxiliary starting from N-terminal glyoxylyl
peptides as shown in Scheme 39.” Here again, the advantage of

Scheme 39. Introduction of N*-(1-(2'-Nitrophenyl)-2-
mercaptoethyl) Group onto Peptides by Reductive
Amination of N-Terminal Glyoxylyl Peptides’

THS ™S y O
o NH N N
H 2 NaCNBH3 \)kpept[de
X peptide + O3N ——» OyN
34 164 165
0] R (o]
HS O )—s HK .
N \/U\ peptide o peptide
TFA peptide 153 N
—» O,N

166

peplide>/ SH
O2N 167

the approach is the possibility of using N-terminal seryl or
threonyl peptides of biological origin for synthesizing large
polypeptides. N*-(1-(2’-Nitrophenyl)-2-mercaptoethyl) group
was installed by reductive amination of the N-terminal glyoxylyl
peptide 34 in the presence of 1-(2'-nitrophenyl)-2-
(triphenylmethylthio)ethylamine 164 and sodium cyanobor-
ohydride. The trityl group was then removed with TFA to give

hv 365 ‘
wabens peptide)]\N/\”/pephde 158
H o
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N®-(1-(2'-nitrophenyl)-2-mercaptoethyl) glycyl peptide 166.
The auxiliary was removed after the ligation step by UV
irradiation at 365 nm.

F.3. Glyoxylic Acid Chemistry for the Synthesis of
Peptide Thioesters. The previous sections have highlighted
the potential of glyoxylic acid chemistry for the elaboration of
thiol auxiliaries, which allow the extension of the NCL reaction
to the formation of X-Gly junctions. This section is now
focused on the use of glyoxylic acid chemistry for peptide
thioester synthesis.

Peptide thioesters are useful starting materials in a large array
of synthetic applications, one of which is the total synthesis of
proteins using NCL as already discussed before. Not
surprisingly, their synthesis using Fmoc SPPS, the most
popular method for peptide synthesis today, has stimulated a
large amount of work during the past decade.**® Thioesters are
often unstable in the presence of piperidine or other reagents
used for removing Fmoc group during SPPS. Thus, peptide
thioesters are frequently prepared by introducing or generating
the thioester moiety in the last stage of the synthesis, after the
solid phase peptide elongation step. In particular, C-terminal
N,S-acyl shift systems have attracted a lot of attention recently
in this field owing to their capacity to generate C-terminal
peptide thioesters by intramolecular acyl migration from
nitrogen to sulfur.”****® The Bis(2-sulfanylethyl)amido (SEA)

roup is one of the newest N,S-acyl shift units (Scheme
40).7%2%7 SEA peptides 169a,b are easily synthesized by Fmoc-
SPPS starting from bis(2-sulfanylethyl)amino trityl polystyrene
resin 168, which is commercially available.

Scheme 40. Bis(2-sulfanylethyl)amido Peptides 169 and
Thiazolidine Ligation with Glyoxylic Acid Give Access to
Thiazolidine Thioester Peptides 170"
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The SEA peptide amide form 169a equilibrates in aqueous
solution with SEA peptide thioester form 169b,'>>5%208269
Formation of thioester 169b, which is detected only below pH
4 by HPLC, is driven by the protonation of the amino group
within the thiol handle. Typically, thioester 169b is the major
species below pH ~ 2—3. However, it is possible to displace the
equilibrium between amide and thioester forms of SEA group
toward a stable thioester form by chemoselectively blocking the
P-aminothiol moiety within 169b through the formation of a
thiazolidine ring in the presence of glyoxylic acid.'> The
method permitted the obtention of thiazolidine thioester
peptides in good yield and without racemization of the C-
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terminal residue. Moreover, thiazolidine thioester peptides
proved to be significantly more reactive in NCL than typical
peptide alkylthioesters, probably due to intramolecular acid or
base catalysis by the thiazolidine thiol handle.

F.4. Glyoxylyl Group as a Protective Group in Protein
Synthesis by the Thioester Method. The discovery of
stepwise solid phase peptide synthesis (SPPS) by B. Merrifield
in 1963%”° has led to the widespread use of synthetic peptides
in chemistry, biology, medicine, and material sciences.
However, the inherent limitations of SPPS in obtaining large
(>S50 amino acids) homogeneous peptides in good yield has
stimulated the development of protein synthetic methods based
on the assembly of short peptide segments. The use of
deprotected peptide segments and of native peptide ligation
methods such as NCL is a solution to this problem.
Alternatively, other strategies rely on the coupling of fully or
minimally protected peptide segments. In particular, the so-
called thioester method which makes use of partially protected
C-terminal peptide thioester segments has met with a lot of
success.””! According to this method, the thioester segment is
converted to an active ester by silver ion activation in the
presence of an additive such as N-hydroxysuccinimide, and
subsequently reacted with the a@-amino group of another
peptide segment. All the other amino groups must be
temporarily protected, usually by a Boc group, to avoid their
participation in the amide bond forming reaction and the
formation of side-products. The recent synthesis of the 48-
amino-acid residue nonribosomal peptide polytheonamide B
illustrates the usefulness of this segment coupling approach.””>

One elegant application of glyoxylyl acid chemistry to this
field is the synthesis of partially protected peptide segments
featuring protected e-amino groups but a free a-amino group
starting from polypeptides of biological origin. Such partially
protected peptide segments, which can be coupled by the
thioester method to partially protected C-terminal peptide
thioesters produced by chemical synthesis, give potential access
to large polypeptides or proteins.

The method developed by Aimoto’s group'" makes use of N-
terminal glyoxylyl or a-ketoacyl peptides 68 (Scheme 41).

Scheme 41. N-Terminal Glyoxylyl or a-Ketoacyl Moieties
Can Serve As Temporarily Protecting Groups of a-Amino
Group of Peptide Segments'"
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These peptide derivatives can be produced from free
polypeptides 64 by transamination as discussed earlier in this
review (see Scheme 13), for example, by using the copper(II)
or nickel(II)-glyoxylic acid transamination method developed
by Dixon and co-workers.>*'** The glyoxylyl or a-ketoacyl
group serves as temporarily protecting group of the peptide a-
amino group during the protection of lysine side-chains. Then,
treatment of peptide 171 by o-phenylenediamine® 172 allows
removal of the N-terminal glyoxylyl group, thereby unmasking
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the a-amino group for subsequent peptide segment coupling.
In practice, the method was illustrated using an N-terminal
alanine residue (Scheme 41, R = Me).

G. CONCLUSION

The unique features of glyoxylic acid chemistry have stimulated
a large number of synthetic developments in solution or on
solid phase, efficient and useful chemoselective ligations, and a
vast array of applications in different fields of research. Several
glyoxylyl group forming reactions and glyoxylyl group-based
chemoselective ligations, which are now major items in the
peptide chemist’s and biochemist’s toolbox, enable the
synthesis of highly sophisticated scaffolds or the assembly of
complex systems when combined with other ligation reactions
or synthetic tools. This chemistry will certainly continue to
inspire novel developments in connection with important fields
of research such as the design of nanosystems or total protein
synthesis.

H AUTHOR INFORMATION

Corresponding Author
*E-mail: Oleg.melnyk@ibl.fr. Tel: 333 20 87 12 14.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the financial support from the French Ministry of
Research, EEC, CNRS, Institut Pasteur de Lille, Univ. Lille
Nord de France, Région Nord Pas-de-Calais, and from
Cancéropodle Nord-Ouest.

B REFERENCES

(1) McManus, J. F. A. (1956) Factors favouring restriction to 1,2
glycols of materials coloured by the periodic acid-Schiff reaction.
Nature 178, 914—91S.

(2) Geschwind, L L, and Li, C. H. (1954) Corticotropins (ACTH).
V. The application of oxidation with periodate to the determination of
N-terminal serine in a@-corticotropin. Biochim. Biophys. Acta 15, 442—3.

(3) Dixon, H. B., and Weitkamp, L. R. (1962) Conversion of the N-
terminal serine residue of corticotrophin into glycine. Biochem. J. 84,
462-8.

(4) Dixon, H. B. (1962) Treatment of corticotrophin with periodate
and borohydride. Biochem. . 83, 91—4.

(5) Dixon, H. B., and Moret, V. (1964) Removal of the N-terminal
residue of corticotrophin. Biochem. J. 93, 25C—26C.

(6) Dixon, H. B. (1964) Transamination of peptides. Biochem. J. 92,
661—6.

(7) Melnyk, O., Fehrentz, J. A., Martinez, J., and Gras-Masse, H.
(2000) Functionalization of peptides and proteins by aldehyde or keto
groups. Biopolymers 55, 165—86.

(8) Galibert, M., Dumy, P. and Boturyn, D. (2009) One-pot
approach to well-defined biomolecular assemblies by orthogonal
chemoselective ligations. Angew. Chem., Int. Ed. 48, 2576—2579.

(9) Kawakami, T., and Aimoto, S. (2003) A photoremovable ligation
auxiliary for use in polypeptide synthesis. Tetrahedron Lett. 44, 6059—
6061.

(10) Kawakami, T., Akaji, K., and Aimoto, S. (2001) Peptide bond
formation mediated by 4,5-dimethoxy-2-mercaptobenzylamine after
periodate oxidation of the N-terminal serine residue. Org Lett. 3,
1403—-140S.

(11) Kawakami, T., Hasegawa, K., Teruya, K., Akaji, K., Horiuchi, M.,
Inagaki, F., Kurihara, Y., Uesugi, S., and Aimoto, S. (2000) Polypeptide
synthesis using an expressed peptide as a building block via the
thioester method. Tetrahedron Lett. 41, 2625—2628.

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

(12) Dheur, J,, Ollivier, N., and Melnyk, O. (2011) Synthesis of
thiazolidine thioester peptides and acceleration of native chemical
ligation. Org. Lett. 13, 1560—3.

(13) Nardin, E. H,, Calvo-Calle, J. M., Oliveira, G. A., Clavijo, P,
Nussenzweig, R., Simon, R, Zeng, W, and Rose, K (1998)
Plasmodium  falciparum polyoximes: highly immunogenic synthetic
vaccines constructed by chemoselective ligation of repeat B-cell
epitopes and a universal T-cell epitope of CS protein. Vaccine 16, 590—
600.

(14) Nardin, E. H,, Calvo-Calle, J. M., Oliveira, G. A., Nussenzweig,
R. S, Schneider, M., Tiercy, J. M., Loutan, L., Hochstrasser, D., and
Rose, K. (2001) A totally synthetic polyoxime malaria vaccine
containing Plasmodium falciparum B cell and universal T cell epitopes
elicits immune responses in volunteers of diverse HLA types. J.
Immunol. 166, 481—9.

(15) Zeng, W., Azzopardi, K., Hocking, D., Wong, C. Y., Robevska,
G., Tauschek, M., Robins-Browne, R. M., and Jackson, D. C. (2012) A
totally synthetic lipopeptide-based self-adjuvanting vaccine induces
neutralizing antibodies against heat-stable enterotoxin from enter-
otoxigenic Escherichia coli. Vaccine 30, 4800—6.

(16) Bonnet, D., Bourel, L., Gras-Masse, H., and Melnyk, O. (2000)
A novel lipophilic glyoxylic acid derivative for the lipidation of peptides
using salt-free hydrazone ligation. Tetrahedron Lett. 41, 10003—10007.

(17) Bourel-Bonnet, L., Bonnet, D., Malingue, F., Gras-Masse, H.,
and Melnyk, O. (2003) Simultaneous lipidation of a characterized
peptide mixture by chemoselective ligation. Bioconjugate Chem. 14,
494—499.

(18) Zhang, X, Dervillez, X, Chentoufi, A. A, Badakhshan, T,
Bettahi, I, and Benmohamed, L. (2012) Targeting the genital tract
mucosa with a lipopeptide/recombinant adenovirus prime/boost
vaccine induces potent and long-lasting CD8+ T cell immunity
against Herpes: Importance of MyD88. J. Immunol. 189, 4496—509.

(19) Simmons, G., Clapham, P. R, Picard, L, Offord, R. E,
Rosenkilde, M. M., Schwartz, T. W., Buser, R, Wells, T. N., and
Proudfoot, A. E. (1997) Potent inhibition of HIV-1 infectivity in
macrophages and lymphocytes by a novel CCRS antagonist. Science
276, 276—9.

(20) Proudfoot, A. E., Buser, R, Borlat, F., Alouani, S., Soler, D.,
Offord, R. E., Schroder, J. M., Power, C. A., and Wells, T. N. (1999)
Amino-terminally modified RANTES analogues demonstrate differ-
ential effects on RANTES receptors. J. Biol. Chem. 274, 32478—8S.

(21) Rusconi, S., La Seta-Catamancio, S., Kurtagic, S., Galazzi, M.,
Arienti, D., Trabattoni, D., Wilken, J., Thompson, D. A, Offord, R. E,,
Galli M, and Clerici, M. (1999) Aminooxypentane-RANTES, an
inhibitor of RS human immunodeficiency virus type 1, increases the
interferon y to interleukin 10 ratio without impairing cellular
proliferation. AIDS Res. Hum. Retroviruses 15, 861—7.

(22) Kawamura, T., Cohen, S. S, Borris, D. L., Aquilino, E. A,
Glushakova, S., Margolis, L. B, Orenstein, J. M., Offord, R. E,
Neurath, A. R,, and Blauvelt, A. (2000) Candidate microbicides block
HIV-1 infection of human immature Langerhans cells within epithelial
tissue explants. J. Exp. Med. 192, 1491—500.

(23) Marozsan, A. J.,, Torre, V. S., Johnson, M., Ball, S. C., Cross, J.
V., Templeton, D. J., Quinones-Mateu, M. E., Offord, R. E., and Arts,
E. J. (2001) Mechanisms involved in stimulation of human
immunodeficiency virus type 1 replication by aminooxypentane
RANTES. J. Virol. 75, 8624—38.

(24) Falsey, J. R, Renil, M,, Park, S, Li, S., and Lam, K. S. (2001)
Peptide and small molecule microarray for high throughput cell
adhesion and functional assays. Bioconjugate Chem. 12, 346—53.

(25) Melnyk, O., Duburcg, X., Olivier, C., Urbes, F., Auriault, C., and
Gras-Masse, H. (2002) Peptide arrays for highly sensitive and specific
antibody-binding fluorescence assays. Bioconjugate Chem. 13, 713—20.

(26) Sorensen, P. E., Bruhn, K., and Lindelov, F. (1974) Kinetics and
equilibria for the reversible hydration of the aldehyde group in
glyoxylic acid. Acta Chem. Scand. 28A, 162—168.

(27) Janoschek, R, and Fabian, W. M. F. (1999) Hydration and
hydrolysis of a-oxo carboxylic acid derivatives and conjugate addition

759

to a,f-unsaturated carbonyl compounds: a density functional study. J.
Org. Chem. 64, 3271—-3277.

(28) Cooper, A. ], and Redfield, A. G. (1975) Proton magnetic
resonance studies of a-keto acids. J. Biol. Chem. 250, 527—32.

(29) Chastrette, F., Bracoud, C., Chastrette, M., Mattioda, G., and
Christidis, Y. (1985) Study of the composition of aqueous glyoxylic
acid solutions by *C NMR. Bull. Soc. Chim. Fr., 66—74.

(30) Hook, J. M. (1984) A simple and efficient synthesis of ethyl and
methyl glyoxylate. Synth. Commun. 14, 83—87.

(31) Rose, K, Chen, ], Dragovic, M., Zeng, W., Jeannerat, D.,
Kamalaprija, P., and Burger, U. (1999) New cyclization reaction at the
amino terminus of peptides and proteins. Bioconjugate Chem. 10,
1038—43.

(32) Carulla, N., Woodward, C., and Barany, G. (2001) Toward new
designed proteins derived from bovine pancreatic trypsin Inhibitor
(BPTI): covalent cross-linking of two ’core modules’ by oxime-
forming ligation. Bioconjugate Chem. 12, 726—741.

(33) Bure, C., Marceau, P., Meudal, H,, and Delmas, A. F. (2012)
Synthesis and analytical investigation of C-terminally modified peptide
aldehydes and ketone: application to oxime ligation. J. Pept. Sci. 18,
147-54.

(34) Qasmi, D., de Rosny, E, Rene, L, Badet, B, Vergely, I,
Boggetto, N., and Reboud-Ravaux, M. (1997) Synthesis of N-glyoxylyl
peptides and their in vitro evaluation as HIV-1 protease inhibitors.
Bioorg. Med. Chem. S, 707—14.

(35) Hoefnagel, A. J., van Bekkum, H., and Peters, J. A. (1992) The
reaction of glyoxylic acid with ammonia revisited. J. Org. Chem. 57,
3916—3921.

(36) Meester, W. J. N., Maarseveen, J. H. v., Schoemaker, H. E.,
Hiemstra, H,, and Rutjes, F. P. J. T. (2003) Glyoxylates as versatile
building blocks for the synthesis of a-amino acid and a-alkoxy acid
derivatives via cationic intermediates. Eur. . Org. Chem. 2003, 2519—
2529.

(37) Candeias, N. R., Montalbano, F., Cal, P. M. S. D., and Gois, P.
M. P. (2010) Boronic acids and esters in the Petasis-borono Mannich
multicomponent reaction. Chem. Rev. 110, 6169—6193.

(38) Danieli, E., Trabocchi, A., Menchi, G., and Guarna, A. (2007)
Synthesis and conformational analysis of constrained f-turn mimetics
incorporating a bicyclic turn inducer by use of the Petasis three-
component reaction on solid phase. Eur. J. Org. Chem. 2007, 1659—
1668.

(39) Means, G. (1984) Reductive alkylation of proteins. J. Prot. Chem.
3, 121-130.

(40) Means, G. E., and Feeney, R. E. (1995) Reductive alkylation of
proteins. Anal. Biochem. 224, 1—16.

(41) Simon, R. J.,, Kania, R. S, Zuckermann, R. N., Huebner, V. D,,
Jewell, D. A, Banville, S, Ng, S., Wang, L., Rosenberg, S., Marlowe, C.
K, et al. (1992) Peptoids: a modular approach to drug discovery. Proc.
Natl. Acad. Sci. U. S. A. 89, 9367—71.

(42) Vizzavona, J., Dick, F., and Vorherr, T. (2002) Synthesis and
application of an auxiliary group for chemical ligation at the X-gly site.
Bioorg. Med. Chem. Lett. 12, 1963—1965.

(43) Czarnocki, Z., Mieczkowski, J. B., Kiegiel, J., and Arazny, Z.
(1995) Pictet-Spengler reaction of biogenic amines with (2R)-N-
glyoxyloylbornane-10,2-sultam. Enantioselective synthesis of (S)-
(+)-N-methylcalycotomine. Tetrahedron: Asymmetry 6, 2899—2902.

(44) Szymanski, S, Chapuis, C., and Jurczak, J. (2001) Diaster-
eoselectivity in the hetero [4 + 2] cycloaddition of cyclopentadiene to
N-benzyliminoacetyl derivatives of (2R)-bornane-10,2-sultam and
other chiral secondary alcohols. Tetrahedron: Asymmetry 12, 1939—
194S.

(45) Bonnet, D., Joly, P., Gras-Masse, H., and Melnyk, O. (2001)
Synthesis of an amphiphilic aldehyde using as a key step the
condensation of a lipophilic glyoxylic acid amide derivative with
tris(hydroxymethyl)aminomethane. Tetrahedron Lett. 42, 1875—1877.

(46) Cordes, E. H., and Jencks, W. P. (1962) Nucleophilic catalysis of
semicarbazone formation by anilines. J. Am. Chem. Soc. 84, 826—831.

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

(47) Dirksen, A, Hackeng, T. M, and Dawson, P. E. (2006)
Nucleophilic catalysis of oxime ligation. Angew. Chem., Int. Ed. 45,
7581—4.

(48) Cordes, E. H, and Jencks, W. P. (1962) Semicarbazone
formation from pyridoxal, pyridoxal phosphate, and their Schiff bases.
Biochemistry 1, 773—8.

(49) Dirksen, A, Dirksen, S., Hackeng, T. M., and Dawson, P. E.
(2006) Nucleophilic catalysis of hydrazone formation and transimi-
nation: implications for dynamic covalent chemistry. J. Am. Chem. Soc.
128, 15602—3.

(50) Kallen, R. G. (1971) Mechanism of reactions involving Schiff
base intermediates. Thiazolidine formation from L-cysteine and
formaldehyde. J. Am. Chem. Soc. 93, 6236—6248.

(51) Dirksen, A, and Dawson, P. E. (2008) Rapid oxime and
hydrazone ligations with aromatic aldehydes for biomolecular labeling.
Bioconjugate Chem. 19, 2543—8.

(52) Brunel, F. M, Lewis, J. D., Destito, G. Steinmetz, N. F,,
Manchester, M., Stuhlmann, H., and Dawson, P. E. (2010) Hydrazone
ligation strategy to assemble multifunctional viral nanoparticles for cell
imaging and tumor targeting. Nano Lett. 10, 1093—7.

(53) Byeon, J. Y., Limpoco, F. T., and Bailey, R. C. (2010) Efficient
bioconjugation of protein capture agents to biosensor surfaces using
aniline-catalyzed hydrazone ligation. Langmuir 26, 15430—S5.

(54) Blanco-Canosa, J. B, Medintz, 1. L., Farrell, D., Mattoussi, H.,
and Dawson, P. E. (2010) Rapid covalent ligation of fluorescent
peptides to water solubilized quantum dots. J. Am. Chem. Soc. 132,
10027-33.

(55) Dirksen, A., Yegneswaran, S., and Dawson, P. E. (2010) Bisaryl
hydrazones as exchangeable biocompatible linkers. Angew. Chem., Int.
Ed. 49, 2023—7.

(56) Ben-Ishai, D., Altman, J., and Bernstein, Z. (1977) The reactions
of ureas with glyoxylic acid and methyl glyoxylate. Tetrahedron 33,
1191-1196.

(57) Ben-Ishai, D., Sataty, I, and Bernstein, Z. (1976) A new
synthesis of N-acyl aromatic @-amino acids. Amidoalkylation of
aromatic and heterocyclic compounds with glyoxylic acid derivatives.
Tetrahedron 32, 1571—1573.

(58) Schouteeten, A., Christidis, Y., and Mattioda, G. (1978) Les N-
acylhémiaminals de 'acide glyoxylique et leur utilisation en synthese.
Bull. Soc. Chim. Fr., 248—254.

(59) Ben-Ishai, D., Moshenberg, R, and Altman, J. (1977) A new
synthesis of amino acids-II: Amidoalkylation of olefins with glyoxylic
acid derivatives. Tetrahedron 33, 1533—1542.

(60) Far, S., and Melnyk, O. (2004) A novel a,a’-diaminoacetic acid
derivative for the introduction of the a-oxo aldehyde functionality into
peptides. Tetrahedron Lett. 45, 1271—1273.

(61) Far, S., and Melnyk, O. (2004) Synthesis of glyoxylyl peptides
using a phosphine labile a,a’-diaminoacetic acid derivative. Tetrahe-
dron Lett. 45, 7163—7165.

(62) Far, S., and Melnyk, O. (2005) Synthesis of glyoxylyl peptides
using an Fmoc-protected a,a’-diaminoacetic acid derivative. J. Pept. Sci.
11, 424-30.

(63) Far, S, Gouyette, C, and Melnyk, O. (2005) A novel
phosphoramidite for the synthesis of a@-oxo aldehyde-modified
oligodeoxynucleotides. Tetrahedron 61, 6138—6142.

(64) Feibush, B, and Snyder, B. C. (2000) Oxidation of the N-
terminal gly residue of peptides: stress study of pexiganan acetate in a
drug formulation. Pharm. Res. 17, 197—204.

(65) Young, S. D., and Tamburini, P. P. (1989) Enzymatic peptidyl
a-amidation proceeds through formation of an oa-hydroxyglycine
intermediate. J. Am. Chem. Soc. 111, 1933—1934.

(66) Ping, D., Katopodis, A. G, and May, S. W. (1992) Tandem
stereochemistry of peptidylglycine a-monooxygenase and peptidyla-
midoglycolate lyase, the two enzymes involved in peptide amidation. J.
Am. Chem. Soc. 114, 3998—4000.

(67) Bundgaard, H., and Kahns, A. H. (1991) Chemical stability and
plasma-catalyzed dealkylation of peptidyl-a-hydroxyglycine deriva-
tives—intermediates in peptide a-amidation. Peptides 12, 745—8.

760

(68) Kahns, A. H., and Bundgaard, H. (1991) Prodrugs of peptides.
13. Stabilization of peptide amides against a-chymotrypsin by the
prodrug approach. Pharm. Res. 8, 1533—8.

(69) Takahashi, K., Harada, S., Higashimoto, Y., Shimokawa, C., Sato,
H., Sugishima, M., Kaida, Y., and Noguchi, M. (2009) Involvement of
metals in enzymatic and nonenzymatic decomposition of C-terminal
a-hydroxyglycine to amide: an implication for the catalytic role of
enzyme-bound zinc in the peptidylamidoglycolate lyase reaction.
Biochemistry 48, 1654—62.

(70) Melnyk, O., Fruchart, J. S.,, Grandjean, C., and Gras-Masse, H.
(2001) Tartric acid-based linker for the solid-phase synthesis of C-
terminal peptide a-oxo aldehydes. J. Org. Chem. 66, 4153—60.

(71) Gaertner, H. F., and Offord, R. E. (1996) Site-specific
attachment of functionalized poly(ethylene glycol) to the amino
terminus of proteins. Bioconjugate Chem. 7, 38—44.

(72) Malaprade, L. (1928) Action of polyalcohols on periodic acid.
Analytical application. Bull. Soc. Chim. France 43, 683—96.

(73) Perlin, A. S. (2006) Glycol-cleavage oxidation. Adv. Carbohydr.
Chem. Biochem. 60, 183—250.

(74) Nicolet, B. H., and Shinn, L. A. (1939) The action of periodic
acid on a-amino alcohols. J. Am. Chem. Soc. 61, 1615—1615.

(75) Barlow, C. B., Guthrie, R. D., and Prior, A. M. (1966) Periodate
oxidation of amino-sugars. J. Chem. Soc, Chem. Commun., 268—269.

(76) Cantley, M., and Hough, L. (1963) Malonaldehyde derivatives
as intermediates in the periodate oxidations of amino- and acetamido-
sugars. J. Chem. Soc., 2711-2716.

(77) Clamp, J. R,, and Hough, L. (1965) The periodate oxidation of
amino acids with reference to studies on glycoproteins. Biochem. J. 94,
17-24.

(78) Nicolet, B. H., and Shinn, L. A. (1941) The determination of
serine by the use of periodate. J. Biol. Chem. 139, 687—692.

(79) Frisell, W. R., Meech, L. A, and Mackenzie, C. G. (1954) A
simplified photometric analysis for serine and formaldehyde. J. Biol.
Chem. 207, 709—16.

(80) Frisell, W. R., and Mackenzie, C. G. (1958) The determination
of formaldehyde and serine in biological systems. Methods Biochem.
Anal. 6, 63-77.

(81) Shinn, L. A., and Nicolet, B. H. (1941) The determination of
threonine by the use of periodate. J. Biol. Chem. 138, 91—94.

(82) Geschwind, L I, and Li, C. H. (1958) The reaction of several
protein hormones with periodate. Endocrinology 63, 449—59.

(83) Stevens, J., and Dixon, H. B. (1995) The removal of 2-oxoacyl
residues from the N-terminus of peptides and cystatin in non-
denaturing conditions. Biochim. Biophys. Acta 1252, 195—202.

(84) Geoghegan, K. F., and Stroh, J. G. (1992) Site-directed
conjugation of nonpeptide groups to peptides and proteins via
periodate oxidation of a 2-amino alcohol. Application to modification
at N-terminal serine. Bioconjugate Chem. 3, 138—46.

(85) Geoghegan, K. F., Dallas, J. L, and Feeney, R. E. (1980)
Periodate inactivation of ovotransferrin and human serum transferrin.
J. Biol. Chem. 255, 11429—34.

(86) Penner, M. H., Yamasaki, R. B, Osuga, D. T, Babin, D. R,
Meares, C. F.,, and Feeney, R. E. (1983) Comparative oxidations of
tyrosines and methionines in transferrins: human serum transferrin,
human lactotransferrin, and chicken ovotransferrin. Arch. Biochem.
Biophys. 225, 740—7.

(87) Gardlik, S., and Rajagopalan, K. V. (1991) The mechanisms of
inactivation of sulfite oxidase by periodate and arsenite. J. Biol. Chem.
266, 16627—32.

(88) Fields, R, and Dixon, H. B. (1968) A spectrophotometric
method for the microdetermination of periodate. Biochem. ]. 108,
883—7.

(89) Vilaseca, L. A., Rose, K., Werlen, R.,, Meunier, A., Offord, R. E.,
Nichols, C. L., and Scott, W. L. (1993) Protein conjugates of defined
structure: synthesis and use of a new carrier molecule. Bioconjugate
Chem. 4, 515-20.

(90) Gaertner, H. F.,, Rose, K,, Cotton, R., Timms, D., Camble, R,,
and Offord, R. E. (1992) Construction of protein analogues by site-

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

specific condensation of unprotected fragments. Bioconjugate Chem. 3,
262-8.

(91) Qasmi, D., René, L., and Badet, B. (1994) Synthesis of "CHO-
CO-Peptides” by N-terminal acylation with a glyoxylyl equivalent.
Tetrahedron Lett. 35, 4343—4344.

(92) Shao, J., and Tam, J. P. (1995) Unprotected peptides as building
blocks for the synthesis of peptide dendrimers with oxime, hydrazone,
and thiazolidine linkages. J. Am. Chem. Soc. 117, 3893—3899.

(93) Wilken, J, Hoover, D., Thompson, D. A, Barlow, P. N,
McSparron, H., Picard, L., Wlodawer, A., Lubkowski, J., and Kent, S. B.
(1999) Total chemical synthesis and high-resolution crystal structure
of the potent anti-HIV protein AOP-RANTES. Chem. Biol. 6, 43—51.

(94) Werlen, R. C., Lankinen, M., Rose, K., Blakey, D., Shuttleworth,
H.,, Melton, R, and Offord, R. E. (1994) Site-specific conjugation of an
enzyme and an antibody fragment. Bioconjugate Chem. S, 411-7.

(95) Rose, K. (1994) Facile synthesis of homogeneous artificial
proteins. J. Am. Chem. Soc. 116, 30—33.

(96) Mutter, M., Dumy, P., Garrouste, P., Lehmann, C., Mathieu, M.,
Peggion, C., Peluso, S, Razaname, A., and Tuchscherer, G. (1996)
Template assembled synthetic proteins (TASP) as functional mimetics
of proteins. Angew. Chem., Int. Ed. 35, 1482—1485.

(97) Wahl, F., and Mutter, M. (1996) Analogues of oxytocin with an
oxime bridge using chemoselectively addressable building blocks.
Tetrahedron Lett. 37, 6861—6864.

(98) Zhang, L., Torgerson, T. R,, Liy, X. Y., Timmons, S., Colosia, A.
D., Hawiger, J,, and Tam, J. P. (1998) Preparation of functionally
active cell-permeable peptides by single-step ligation of two peptide
modules. Proc. Natl. Acad. Sci. U .S. A. 95, 9184—9.

(99) Cremer, G. A., Bureaud, N., Lelievre, D., Piller, V., Piller, F., and
Delmas, A. (2004) Synthesis of branched oxime-linked peptide
mimetics of the MUCI containing a universal T-helper epitope.
Chemistry 10, 6353—60.

(100) Garanger, E., Boturyn, D., Renaudet, O., Defrancq, E., and
Dumy, P. (2006) Chemoselectively addressable template: a valuable
tool for the engineering of molecular conjugates. J. Org. Chem. 71,
2402-10.

(101) Boturyn, D., Defrancgq, E., Dolphin, G. T., Garcia, J., Labbe, P.,
Renaudet, O., and Dumy, P. (2008) RAFT Nano-constructs: surfing to
biological applications. J. Pept. Sci. 14, 224—240.

(102) Rao, C., and Tam, J. P. (1994) Synthesis of peptide dendrimer.
J. Am. Chem. Soc. 116, 6975—6976.

(103) Zeng, W., Jackson, D. C., and Rose, K. (1996) Synthesis of a
new template with a built-in adjuvant and its use in constructing
peptide vaccine candidates through polyoxime chemistry. J. Pept. Sci. 2,
66—72.

(104) Rose, K., Zeng, W., Regamey, P. O., Chernushevich, 1. V.,
Standing, K. G, and Gaertner, H. F. (1996) Natural peptides as
building blocks for the synthesis of large protein-like molecules with
hydrazone and oxime linkages. Bioconjugate Chem. 7, S52—6.

(105) Spetzler, J. C., and Tam, J. P. (1995) Unprotected peptides as
building blocks for branched peptides and peptide dendrimers. Int. J.
Pept. Protein Res. 45, 78—8S.

(106) Tam, J. P, and Spetzler, J. C. (1995) Chemoselective
approaches to the preparation of peptide dendrimers and branched
artificial proteins using unprotected peptides as building blocks.
Biomed. Pept. Proteins Nucleic Acids 1, 123—32.

(107) Bourel, L., Carion, O., Gras-Masse, H., and Melnyk, O. (2000)
The deprotection of Lys(Mtt) revisited. J. Pept. Sci. 6, 264—70.

(108) Renaudet, O., and Dumy, P. (2003) Chemoselectively
template-assembled glycoconjugates as mimics for multivalent
presentation of carbohydrates. Org. Lett. S, 243—6.

(109) Fruchart, J.-S., Gras-Masse, H., and Melnyk, O. (1999) A new
linker for the synthesis of C-terminal peptide a-oxo aldehydes.
Tetrahedron Lett. 40, 6225—6228.

(110) Newman, M. S., Sagar, W. C., and Cochrane, C. C. (1958) A
new method for introducing a two carbon acid side chain into ketones.
J. Org. Chem. 23, 1832—1835.

(111) Konig, S., Lohberger, S., and Ugi, I. (1993) Synthesis of N-tert-
alkylglyoxylic acid amides. Synthesis 12, 1233—1234.

761

(112) Meldal, M. (1992) Pega: a flow stable polyethylene glycol
dimethyl acrylamide copolymer for solid phase synthesis. Tetrahedron
Lett. 33, 3077—3080.

(113) Urbes, F., Fruchart, J.-S., Gras-Masse, H.,, and Melnyk, O.
(2001) C-terminal glyoxylyl peptides for sensitive enzyme-linked
immunosorbent assays. Lett. Pept. Sci. 8, 253—258.

(114) Olivier, C., Hot, D., Huot, L., Ollivier, N., El-Mahdi, O.,
Gouyette, C., Huynh-Dinh, T. Gras-Masse, H., Lemoine, Y., and
Melnyk, O. (2003) a-oxo semicarbazone peptide or oligodeoxynucleo-
tide microarrays. Bioconjugate Chem. 14, 430—9.

(115) Dubs, P., Bourel-Bonnet, L., Subra, G., Blanpain, A., Melnyk,
O., Pinel, A. M., Gras-Masse, H., and Martinez, J. (2007) Parallel
synthesis of a lipopeptide library by hydrazone-based chemical ligation.
J. Comb. Chem. 9, 973—81.

(116) Paulick, M. G., Hart, K. M., Brinner, K. M,, Tjandra, M,,
Charych, D. H., and Zuckermann, R. N. (2006) Cleavable hydrophilic
linker for one-bead-one-compound sequencing of oligomer libraries by
tandem mass spectrometry. J. Comb. Chem. 8, 417—426.

(117) Ryckebusch, A., Fruchart, J. S., Cattiaux, L., Rousselot-Paillet,
P, Leroux, V., Melnyk, O., Grellier, P., Mouray, E., Sergheraert, C., and
Melnyk, P. (2004) Design, synthesis and antimalarial activity of a
glyoxylylhydrazone library. Bioorg. Med. Chem. Lett. 14, 4439—43.

(118) Schlienger, N., Bryce, M. R, and Hansen, T. K. (2000)
Immobilization of glyoxylic acid on Wang resin. Tetrahedron Lett. 41,
5147-5150.

(119) Snell, E. E. (1945) The vitamin B6 group. V. The reversible
interconversion of pyridoxal and pyridoxamine by transamination
reactions. J. Am. Chem. Soc. 67, 194—197.

(120) Metzler, D. E., and Snell, E. E. (1952) Some transamination
reactions involving vitamin B6. J. Am. Chem. Soc. 74, 979—983.

(121) Cennamo, C., Carafoli, B., and Bonetti, E. P. (1956) Non-
enzymatic transamination between peptides and pyridoxal. Isolation of
the 2,4-dinitrophenylhydrazones of some ketopeptides. J. Am. Chem.
Soc. 78, 3523—3527.

(122) Mix, H., and Wilcke, F. W. (1960) Nonenzymatic reactions
between a-amino- and a-keto acids. II. Transformations between a-
amino acids and pyruvates catalyzed by copper (II) ions and pyridine.
Hoppe-Seylers Z. Physiol. Chem. 318, 148—58.

(123) Dixon, H. B., and Moret, V. (1965) Removal of the N-terminal
residue of a protein after transamination. Biochem. J. 94, 463—9.

(124) Van Heyningen, S., and Dixon, H. B. (1967) Scission of the N-
terminal residue from a protein after transamination. Biochem. J. 104,
63P.

(125) Van Heyningen, S., and Dixon, H. B. (1969) Catalysis of
transamination by acetate. Biochem. J. 114, 70P—71P.

(126) Dixon, H. B. F., and Fields, R. (1972) Specific modification of
NH,-terminal residues by transamination, in Methods in Enzymology,
pp 409—419, Academic Press, London.

(127) Gilmore, J. M., Scheck, R. A., Esser-Kahn, A. P., Joshi, N. S.,
and Francis, M. B. (2006) N-Terminal protein modification through a
biomimetic transamination reaction. Angew. Chem., Int. Ed. 45, 5307—
S311.

(128) Scheck, R. A,, and Francis, M. B. (2007) Regioselective labeling
of antibodies through N-terminal transamination. ACS Chem. Biol. 2,
247-251.

(129) Scheck, R. A., Dedeo, M. T., Iavarone, A. T., and Francis, M. B.
(2008) Optimization of a biomimetic transamination reaction. J. Am.
Chem. Soc. 130, 11762—11770.

(130) Witus, L. S, Moore, T., Thuronyi, B. W., Esser-Kahn, A. P,
Scheck, R. A, Tavarone, A. T., and Francis, M. B. (2010) Identification
of highly reactive sequences for PLP-mediated bioconjugation using a
combinatorial peptide library. . Am. Chem. Soc. 132, 16812—16817.

(131) Fields, R, and Dixon, H. B. (1971) Micro method for
determination of reactive carbonyl groups in proteins and peptides
using 2,4-dinitrophenylhydrazine. Biochem. J. 121, 587—9.

(132) Garcia, J. M, Far, S, Diesis, E, and Melnyk, O. (2006)
Determination of glyoxylyl-peptide concentration using oxime
chemistry and RP-HPLC analysis. J. Pept. Sci. 12, 734—8.

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

(133) Andresen, H., and Grétzinger, C. (2009) Deciphering the
antibodyome - peptide arrays for serum antibody biomarker
diagnostics. Curr. Proteomics 6, 1—12.

(134) Samanta, D., and Sarkar, A. (2011) Immobilization of bio-
macromolecules on self-assembled monolayers: methods and sensor
applications. Chem. Soc. Rev. 40, 2567—2592.

(135) Souplet, V., Roux, C., and Melnyk, O. (2009) Peptide
microarrays on bisphenol A polycarbonate. Methods Mol. Biol. 570,
287-97.

(136) Marcon, L., Stievenard, D., and Melnyk, O. (2008)
Characterization of nanogap chemical reactivity using peptide-capped
gold nanoparticles and electrical detection. Bioconjugate Chem. 19,
802—80S.

(137) Roux, C., Chai, F., Ollivier, N., Ochsenbein, A., Winter, S.,
Melnyk, O., and Hildebrand, H. F. (2007) Ti-Cp functionalization by
deposition of organic/inorganic silica nanoparticles. Biomol. Eng. 24,
549-54.

(138) El-Mahdi, O., Souplet, V., Carion, O., Roux, C., Garcia, J.-M,,
Maillet, C., Olivier, C., Melnyk, O., and Durand, J.-O. (2007)
Semicarbazide/a-oxo aldehyde site-specific ligation chemistry: from
peptide microarrays to the micropatterning of polycarbonate or
titanium oxide using silica nanoparticles, in Colloidal Nanoparticles in
Biotechnology, pp 299—327, John Wiley & Sons, Inc., New York.

(139) Carion, O., Souplet, V., Olivier, C., Maillet, C., Medard, N., El-
Mahdi, O, Durand, J. O, and Melnyk, O. (2007) Chemical
micropatterning of polycarbonate for site-specific peptide immobiliza-
tion and biomolecular interactions. ChemBioChem 8, 315—22.

(140) Kar, S., Joly, P., Granier, M., Melnyk, O., and Durand, J.-O.
(2003) Synthesis and chemical reactivity of a-oxo aldehyde-supported
silicas. Eur. J. Org. Chem. 2003, 4132—4139.

(141) Kar, S, Durand, J.-O., Granier, M., Joly, P., and Melnyk, O.
(2003) COCHO-modified oxides nanoparticles by using phosphonic
acid as grafting agent. Tetrahedron Lett. 44, 5617—5619.

(142) Chenevier, P., Bourel-Bonnet, L., and Roux, D. (2003)
Chemical characterization of a-oxohydrazone ligation on colloids:
toward grafting molecular addresses onto biological vectors. J. Am.
Chem. Soc. 125, 16261—16270.

(143) Duburcq, X., Olivier, C., Malingue, F., Desmet, R., Bouzidi, A.,
Zhou, F. Auriault, C.,, Gras-Masse, H,, and Melnyk, O. (2004)
Peptide-protein microarrays for the simultaneous detection of
pathogen infections. Bioconjugate Chem. 15, 307—16.

(144) Xu, Q,, and Lam, K. S. (2002) An efficient approach to prepare
glyoxylyl functionality on solid-support. Tetrahedron Lett. 43, 4435—
4437.

(145) Xu, Q., Miyamoto, S., and Lam, K. (2004) A novel approach to
chemical microarray using ketone-modified macromolecular scaffolds:
Application in micro cell-adhesion assay. Mol. Divers. 8, 301—10.

(146) March, J. (1992) Advanced Organic Chemistry, 4th ed., John
Wiley & Sons, New York.

(147) Joly, P., Ardés-Guisot, N., Kar, S., Granier, M., Durand, J.-O.,
and Melnyk, O. (2005) Hybrid bioorganic—inorganic materials
prepared by site-specific ligation of peptides to functionalized
polydisperse silica particles. Eur. J. Org. Chem. 2005, 2473—2480.

(148) Bonnet, D., Grandjean, C., Rousselot-Pailley, P., Joly, P,
Bourel-Bonnet, L., Santraine, V., Gras-Masse, H., and Melnyk, O.
(2003) Solid-phase functionalization of peptides by an a-hydrazinoa-
cetyl group. J. Org. Chem. 68, 7033—40.

(149) Haguet, V., Martin, D., Marcon, L., Heim, T., Stiévenard, D.,
Olivier, C., El-Mahdi, O., and Melnyk, O. (2004) Combined nanogap
nanoparticles nanosensor for electrical detection of biomolecular
interactions between polypeptides. Appl. Phys. Lett. 84, 1213—121S.

(150) Marcon, L., Stievenard, D., and Melnyk, O. (2007) Electrical
detection of human immunoglobulins G from human serum using a
microbiosensor. Biosens. Bioelectron. 23, 81—87.

(151) Marcon, L., Melnyk, O., and Stievenard, D. (2008) Current
based antibodies detection from human serum enhanced by secondary
antibodies labelled with gold nanoparticles immobilized in a nanogap.
Biosens. Bioelectron. 23, 1185—8.

762

(152) Tsutsui, M., Taniguchi, M., Shoji, K., Yokota, K., and Kawai, T.
(2009) Identifying molecular signatures in metal-molecule-metal
junctions. Nanoscale 1, 164—70.

(153) Claussen, J. C., Wickner, M. M,, Fisher, T. S., and Porterfield,
D. M. (2011) Transforming the fabrication and biofunctionalization of
gold nanoelectrode arrays into versatile electrochemical glucose
biosensors. ACS Appl. Mater. Interfaces 3, 1765—70.

(154) Kodoyianni, V. (2011) Label-free analysis of biomolecular
interactions using SPR imaging. Biotechniques 50, 32—40.

(155) Lee, S. E., and Lee, L. P. (2010) Biomolecular plasmonics for
quantitative biology and nanomedicine. Curr. Opin. Biotechnol. 21,
489—497.

(156) Becker, B., and Cooper, M. A. (2011) A survey of the 2006—
2009 quartz crystal microbalance biosensor literature. J. Mol. Recogn.
24, 754-787.

(157) Hutter, E., and Maysinger, D. (2011) Gold nanoparticles and
quantum dots for bioimaging. Microsc. Res. Tech. 74, 592—604.

(158) Cobley, C. M., Chen, J., Cho, E. C., Wang, L. V., and Xia, Y.
(2011) Gold nanostructures: a class of multifunctional materials for
biomedical applications. Chem. Soc. Rev. 40, 44—S56.

(159) Ulman, A. (1996) Formation and structure of self-assembled
monolayers. Chem. Rev. 96, 1533—1554.

(160) Scheibler, L., Dumy, P., Boncheva, M., Leufgen, K., Mathieu,
H.-J,, Mutter, M., and Vogel, H. (1999) Functional molecular thin
films: Topological templates for the chemoselective ligation of
antigenic peptides to self-assembled monolayers. Angew. Chem., Int.
Ed. 38, 696—699.

(161) Fan, Y., Chen, X,, Trigg, A. D., Tung, C. H,, Kong, J., and Gao,
Z. (2007) Detection of MicroRNAs using target-guided formation of
conducting polymer nanowires in nanogaps. J. Am. Chem. Soc. 129,
5437—43.

(162) Brinkmann, M., Blossey, R, Marcon, L., Stievenard, D.,
Dufrene, Y. F., and Melnyk, O. (2006) Fluidics of a nanogap. Langmuir
22, 9784—9788.

(163) Wade, J. D., Hojo, K., Kawasaki, K, Johns, T. G., Catimel, B.,
Rothacker, J., and Nice, E. C. (2006) An automated peptide and
protein thiazolidine coupling chemistry for biosensor immobilization
giving a unique N-terminal orientation. Anal. Biochem. 348, 315—317.

(164) Hojo, K., Maeda, M., and Kawasaki, K. (2001) A new water-
soluble N-protecting group, 2-(phenyl(methyl)sulfonio)-
ethyloxycarbonyl tetrafluoroborate, and its application to solid phase
peptide synthesis in water. J. Pept. Sci. 7, 615—8.

(165) Bourel-Bonnet, L., Gras-Masse, H., and Melnyk, O. (2001) A
novel family of amphiphilic a-oxo aldehydes for the site-specific
modification of peptides by two palmitoyl groups in solution or in
liposome suspensions. Tetrahedron Lett. 42, 6851—6853.

(166) Bourel-Bonnet, L., Pecheur, E. I, Grandjean, C., Blanpain, A.,
Baust, T, Melnyk, O. Hoflack, B, and Gras-Masse, H. (2005)
Anchorage of synthetic peptides onto liposomes via hydrazone and a-
oxo hydrazone bonds. Preliminary functional investigations. Bio-
conjugate Chem. 16, 450—7.

(167) Mignet, N., Brun, A., Degert, C., Delord, B., Roux, D., Helene,
C., Laversanne, R, and Francois, J. C. (2000) The spherulites(TM): a
promising carrier for oligonucleotide delivery. Nucleic Acids Res. 28,
3134—42.

(168) Chenevier, P, Grandjean, C. Loing, E., Malingue, F.,
Angyalosi, G., Gras-Masse, H,, Roux, D., Melnyk, O., and Bourel-
Bonnet, L. (2002) Grafting of synthetic mannose receptor-ligands
onto onion vectors for human dendritic cells targeting. J. Chem. Soc,
Chem. Commun., 2446—7.

(169) Jolimaitre, P., Poirier, C., Richard, A., Blanpain, A., Delord, B.,
Roux, D., and Bourel-Bonnet, L. (2007) Synthesis of versatile chemical
tools toward a structure/properties relationships study onto targeting
colloids. Eur. J. Med. Chem. 42, 114—24.

(170) Girard, A., and Sandulesco, G. (1936) Sur une nouvelle série
de réactifs du groupe carbonyle, leur utilisation a I'extraction des
substances cétoniques et a la caractérisation microchimique des
aldéhydes et cétones. Helv. Chim. Acta 19, 1095—1107.

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

(171) Mirzaei, H., and Regnier, F. (2006) Identification and
quantification of protein carbonylation using light and heavy isotope
labeled Girard’s P reagent. J. Chromatogr. A 1134, 122—33.

(172) Jencks, W. P. (1959) Studies on the mechanism of oxime and
semicarbazone formation. J. Am. Chem. Soc. 81, 475—481.

(173) Sayer, J. M., Peskin, M., and Jencks, W. P. (1973) Imine-
forming elimination reactions. I. General base acid catalysis and
influence of the nitrogen substituent on rates and equilibria for
carbinolamine dehydration. J. Am. Chem. Soc. 95, 4277—4287.

(174) Sayer, J. M., Pinsky, B., Schonbrunn, A., and Washtien, W.
(1974) Mechanism of carbinolamine formation. J. Am. Chem. Soc. 96,
7998—8009.

(175) Heitzmann, H., and Richards, F. M. (1974) Use of the avidin-
biotin complex for specific staining of biological membranes in
electron microscopy. Proc. Natl. Acad. Sci. U .S. A. 71, 3537—41.

(176) Itaya, K, Gahmberg, C. G., and Hakomori, S. I. (1975) Cell
surface labeling of erythrocyte glycoproteins by galactose oxidase and
Mn**-catalyzed coupling reaction with methionine sulfone hydrazide.
Biochem. Biophys. Res. Commun. 64, 1028—35.

(177) Rando, R. R, and Bangerter, F. W. (1979) On the labelling of
oxidized cell surface membranes by acyl hydrazides. Biochim. Biophys.
Acta SS7, 354—62.

(178) King, T. P., Zhao, S. W,, and Lam, T. (1986) Preparation of
protein conjugates via intermolecular hydrazone linkage. Biochemistry
25, 5774-9.

(179) Tam, J. P, and Spetzler, J. C. (1995) Chemoselective
approaches to the preparation of peptide dendrimers and branched
artificial proteins using unprotected peptides as building blocks.
Biomed. Pept. Proteins Nucleic Acids 1, 123—32.

(180) Chelius, D., and Shaler, T. A. (2002) Capture of peptides with
N-terminal serine and threonine: A sequence-specific chemical method
for peptide mixture simplification. Bioconjugate Chem. 14, 205—211.

(181) Gaertner, H,, Offord, R., Botti, P., Kuenzi, G., and Hartley, O.
(2008) Semisynthetic analogues of PSC-RANTES, a potent anti-HIV
protein. Bioconjugate Chem. 19, 480—489.

(182) Sharon, J. L., and Puleo, D. A. (2008) The use of N-terminal
immobilization of PTH(1—34) on PLGA to enhance bioactivity.
Biomaterials 29, 3137—3142.

(183) Zalipsky, S., Puntambekar, B., Boulikas, P., Engbers, C. M., and
Woodle, M. C. (1995) Peptide attachment to extremities of liposomal
surface grafted PEG chains: preparation of the long-circulating form of
laminin pentapeptide, YIGSR. Bioconjugate Chem. 6, 705—708.

(184) Galande, A. K, Weissleder, R, and Tung, C.-H. (2006)
Fluorescence probe with a pH-sensitive trigger. Bioconjugate Chem. 17,
255-257.

(185) Duburcq, X, Olivier, C., Desmet, R., Halasa, M., Carion, O.,
Grandidier, B, Heim, T., Stievenard, D., Auriault, C., and Melnyk, O.
(2004) Polypeptide semicarbazide glass slide microarrays: character-
ization and comparison with amine slides in serodetection studies.
Bioconjugate Chem. 1S, 317-25.

(186) Coffinier, Y., Olivier, C., Perzyna, A., Grandidier, B., Wallart,
X, Durand, J. O., Melnyk, O., and Stievenard, D. (2005) Semi-
carbazide-functionalized Si(111) surfaces for the site-specific immobi-
lization of peptides. Langmuir 21, 1489—96.

(187) Doussineau, T., Durand, J.-O., El-Mahdi, O., Maillet, C.,
Melnyk, O. Olivier, C., and Smathi, M. (2006) Semicarbazide-
functionalized silicate nanoparticles for peptide ligation. Eur. J. Inorg.
Chem. 2006, 2766—2772.

(188) Souplet, V., Desmet, R., and Melnyk, O. (2009) In situ ligation
between peptides and silica nanoparticles for making peptide
microarrays on polycarbonate. Bioconjugate Chem. 20, 550—7.

(189) Olivier, C. Perzyna, A, Coffinier, Y., Grandidier, B.,
Stievenard, D., Melnyk, O., and Durand, J. O. (2006) Detecting the
chemoselective ligation of peptides to silicon with the use of cobalt-
carbonyl labels. Langmuir 22, 7059—65.

(190) Melnyk, O., Olivier, C., Ollivier, N., Lemoine, Y., Hot, D.,
Huot, L., and Gouyette, C. (2005) Preparation of a-oxo semi-
carbazone oligonucleotide microarrays. Curr. Protoc. Nucleic Acid
Chem., DOI 10.1002/0471142700.nc1206s19.

763

(191) Coffinier, Y., Szunerits, S., Jama, C., Desmet, R., Melnyk, O.,
Marcus, B., Gengembre, L., Payen, E. Delabouglise, D., and
Boukherroub, R. (2007) Peptide immobilization on amine-terminated
boron-doped diamond surfaces. Langmuir 23, 4494—7.

(192) Podyminogin, M. A, Lukhtanov, E. A, and Reed, M. W.
(2001) Attachment of benzaldehyde-modified oligodeoxynucleotide
probes to semicarbazide-coated glass. Nucleic Acids Res. 29, 5090—8.

(193) Ollivier, N., Besret, S., Blanpain, A., and Melnyk, O. (2009)
Silver-catalyzed azaGly ligation. Application to the synthesis of
azapeptides and of lipid-peptide conjugates. Bioconjugate Chem. 20,
1397—403.

(194) Mhidia, R, Vallin, A, Ollivier, N., Blanpain, A, Shi, G,
Christiano, R, Johannes, L., and Melnyk, O. (2010) Synthesis of
peptide-protein conjugates using N-succinimidyl carbamate chemistry.
Bioconjugate Chem. 21, 219—28.

(195) Rose, K., Vilaseca, L. A, Werlen, R., Meunier, A., Fisch, I,
Jones, R. M,, and Offord, R. E. (1991) Preparation of well-defined
protein conjugates using enzyme-assisted reverse proteolysis. Bio-
conjugate Chem. 2, 154—9.

(196) Fisch, L, Kunzi, G., Rose, K., and Offord, R. E. (1992) Site-
specific modification of a fragment of a chimeric monoclonal antibody
using reverse proteolysis. Bioconjugate Chem. 3, 147—53.

(197) Werlen, R. C., Offord, R. E., Blakey, D. C., East, S. J., Melton,
R. G, and Rose, K. (199S) In vitro and in vivo comparison of a
randomly coupled antibody fragment-enzyme conjugate with a site-
specific conjugate. Biomed. Pept. Proteins Nucleic Acids 1, 251—4.

(198) Geoghegan, K. F., Emery, M. ], Martin, W. H., McColl, A. S,
and Daumy, G. O. (1993) Site-directed double fluorescent tagging of
human renin and collagenase (MMP-1) substrate peptides using the
periodate oxidation of N-terminal serine. An apparently general
strategy for provision of energy-transfer substrates for proteases.
Bioconjugate Chem. 4, 537—544.

(199) Bonnet, D., Samson, F., Rommens, C., Gras-Masse, H., and
Melnyk, O. (1999) Synthesis of hydrazinopeptides using solid-phase
N-electrophilic amination: extension to the Fmoc/tert-butyl strategy
and chemistry of the N-N bond in strong acid media. J. Pept. Res. $4,
270-8.

(200) Klinguer, C., Melnyk, O., Loing, E., and Gras-Masse, H. (1996)
Synthesis of hydrazinopeptides using solid phase N-amination.
Application to chemical ligation. Tetrahedron Lett. 37, 7259—7262.

(201) Bonnet, D., Rommens, C., Gras-Masse, H., and Melnyk, O.
(1999) A novel and mild solid phase hydroperoxydeamination
reaction. Tetrahedron Lett. 40, 7315—7318.

(202) Melnyk, O., Rommens, C., and Gras-Masse, H. (1999)
Chemistry of hydrazinopeptides: a new hydroperoxydeamination
process. Tetrahedron Lett. 40, 1491—1494.

(203) Bonnet, D., Ollivier, N., Gras-Masse, H.,, and Melnyk, O.
(2001) Chemoselective acylation of fully deprotected hydrazino acetyl
peptides. Application to the synthesis of lipopeptides. J. Org. Chem. 66,
443-9.

(204) Vidal, J., Damestoy, S., Guy, L., Hannachi, J.-C., Aubry, A,
Collet, A, and Aubry, A. (1997) N-Alkyloxycarbonyl-3-aryloxazir-
idines: Their preparation, structure, and utilization as electrophilic
amination reagents. Chem.—Eur. ]. 3, 1691—1709.

(205) Grandjean, C., Rommens, C., Gras-Masse, H., and Melnyk, O.
(2000) One-pot synthesis of antigen-bearing, lysine-based cluster
mannosides using two orthogonal chemoselective ligation reactions.
Angew. Chem., Int. Ed. 39, 1068—1072.

(206) Grandjean, C., Gras-Masse, H., and Melnyk, O. (2001)
Synthesis of clustered glycoside—antigen conjugates by two one-pot,
orthogonal, chemoselective ligation reactions: scope and limitations.
Chem.—Eur. J. 7, 230—239.

(207) Grandjean, C., Santraine, V., Fruchart, J.-S., Melnyk, O., and
Gras-Masse, H. (2002) Combined thioether/hydrazone chemo-
selective ligation reactions for the synthesis of glycocluster-antigen
peptide conjugates. Bioconjugate Chem. 13, 887—892.

(208) Ellenbogen, E. (1952) Dissociation constants of peptides. I. A
survey of the effect of optical configuration. J. Am. Chem. Soc. 74,
5198—-5201.

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

(209) Hinman, R. (1958) Notes - Base strengths of some
alkylhydrazines. J. Org. Chem. 23, 1587—1588.

(210) Melnyk, O., Bossus, M., David, D., Rommens, C., and Gras-
Masse, H. (1998) Synthesis of lipopeptides using hydrazone chemical
ligation. J. Pept. Res. 52, 180—4.

(211) Schubert, M. P. (1935) Combination of thiol acids with
methylglyoxal. J. Biol. Chem. 111, 671—678.

(212) Schubert, M. P. (1936) Compounds of thiol acids with
aldehydes. J. Biol. Chem. 114, 341—350.

(213) Ratner, S, and Clarke, H. T. (1937) The action of
formaldehyde upon cysteine. J. Am. Chem. Soc. 59, 200—206.

(214) Mathieu, M. N., Wade, J. D., Tan, Y.-Y., Summers, R. J., and
Tregear, G. W. (2000) Novel strategy for the synthesis of template-
assembled analogues of rat relaxin. J. Pept. Sci. 6, 235—242.

(215) Liu, C.-F., and Tam, J. P. (1994) Chemical ligation approach to
form a peptide bond between unprotected peptide segments. Concept
and model study. J. Am. Chem. Soc. 116, 4149—4153.

(216) Liu, C. F, and Tam, J. P. (1994) Peptide segment ligation
strategy without use of protecting groups. Proc. Natl. Acad. Sci. U. S. A.
91, 6584—8.

(217) Botti, P., Pallin, T. D., and Tam, J. P. (1996) Cyclic peptides
from linear unprotected peptide precursors through thiazolidine
formation. J. Am. Chem. Soc. 118, 10018—10024.

(218) Zhao, Z. G, Im, J. S., Lam, K. S., and Lake, D. F. (1999) Site-
specific modification of a single-chain antibody using a novel glyoxylyl-
based labeling reagent. Bioconjugate Chem. 10, 424—430.

(219) Wade, J., Domagala, T., Rothacker, J., Catimel, B., and Nice, E.
(2001) Use of thiazolidine-mediated ligation for site specific
biotinylation of mouse EGF for biosensor immobilisation. Lett. Pept.
Sci. 8, 211-220.

(220) Bonnet, D., Thiam, K., Loing, E., Melnyk, O., and Gras-Masse,
H. (2001) Synthesis by chemoselective ligation and biological
evaluation of novel cell-permeable PKC-{ pseudosubstrate lip-
opeptides. J. Med. Chem. 44, 468—71.

(221) Lempens, E. H,, Helms, B. A, Merkx, M., and Meijer, E. W.
(2009) Efficient and chemoselective surface immobilization of proteins
by using aniline-catalyzed oxime chemistry. ChemBioChem 10, 658—
62.

(222) Ollivier, N., Olivier, C., Gouyette, C., Huynh-Dinh, T., Gras-
Masse, H, and Melnyk, O. (2002) Synthesis of oligonucleotide-
peptide conjugates using hydrazone chemical ligation. Tetrahedron
Lett. 43, 997—999.

(223) Singh, Y., Defrancg, E., and Dumy, P. (2004) New method to
prepare peptide-oligonucleotide conjugates through glyoxylic oxime
formation. J. Org. Chem. 69, 8544—8546.

(224) Spinelli, N., Edupuganti, O. P., Defrancq, E., and Dumy, P.
(2006) New solid support for the synthesis of 3'-oligonucleotide
conjugates through glyoxylic oxime bond formation. Org. Lett. 9, 219—
222.

(225) Venkatesan, N., and Kim, B. H. (2006) Peptide conjugates of
oligonucleotides: Synthesis and applications. Chem. Rev. 106, 3712—
3761.

(226) Singh, Y, Murat, P, and Defrancq, E. (2010) Recent
developments in oligonucleotide conjugation. Chem. Soc. Rev. 39,
2054-2070.

(227) Lu, K., Duan, Q.-P., Ma, L., and Zhao, D.-X. (2010) Chemical
strategies for the synthesis of peptide-oligonucleotide conjugates.
Bioconjugate Chem. 21, 187—202.

(228) Dendane, N., Hoang, A., Guillard, L., Defrancq, E., Vinet, F,,
and Dumy, P. (2007) Efficient surface patterning of oligonucleotides
inside a glass capillary through oxime bond formation. Bioconjugate
Chem. 18, 671—6.

(229) Dendane, N., Hoang, A, Renaudet, O., Vinet, F., Dumy, P,
and Defrancq, E. (2008) Surface patterning of (bio)molecules onto
the inner wall of fused-silica capillary tubes. Lab. Chip 8, 2161-3.

(230) Rose, K., Zeng, W., Brown, L. E., and Jackson, D. C. (1995) A
synthetic peptide-based polyoxime vaccine construct of high purity
and activity. Mol. Immunol. 32, 1031-7.

764

(231) Zeng, W., Jackson, D. C., Murray, J., Rose, K., and Brown, L. E.
(2000) Totally synthetic lipid-containing polyoxime peptide constructs
are potent immunogens. Vaccine 18, 1031—1039.

(232) Lelievre, D., Buré, C, Laot, F, and Delmas, A. (2001)
Synthesis of peptide di-aldehyde precursor for stepwise chemoselective
ligations via oxime bonds. Tetrahedron Lett. 42, 235—238.

(233) Zeng, W., Ghosh, S., Macris, M., Pagnon, J., and Jackson, D. C.
(2001) Assembly of synthetic peptide vaccines by chemoselective
ligation of epitopes: influence of different chemical linkages and
epitope orientations on biological activity. Vaccine 19, 3843—3852.

(234) Chen, ], Zeng, W., Offord, R,, and Rose, K. (2003) A novel
method for the rational construction of well-defined immunogens:
The use of oximation to conjugate cholera toxin B subunit to a
peptide-polyoxime complex. Bioconjugate Chem. 14, 614—618.

(235) Richard, A., and Bourel-Bonnet, L. (2005) Internalization of a
peptide into multilamellar vesicles assisted by the formation of an a-
oxo oxime bond. Chemistry 11, 7315—21.

(236) Mikolajczyk, S. D., Meyer, D. L., Starling, J. J.,, Law, K. L., Rose,
K, Dufour, B, and Offord, R. E. (1994) High vyield, site-specific
coupling of N-terminally modified f-lactamase to a proteolytically
derived single-sulfhydryl murine Fab’. Bioconjugate Chem. S, 636—46.

(237) Pallin, T. D., and Tam, J. P. (1995) Cyclisation of totally
unprotected peptides in aqueous solution by oxime formation. J. Chem.
Soc., Chem. Comm., 2021—2022.

(238) Gauthier, M. A, and Klok, H.-A. (2008) Peptide/protein-
polymer conjugates: synthetic strategies and design concepts. J. Chem.
Soc, Chem. Comm., 2591—-2611.

(239) Canalle, L. A, Lowik, D. W. P. M., and van Hest, J. C. M.
(2010) Polypeptide-polymer bioconjugates. Chem. Soc. Rev. 39, 329—
353.

(240) Rusconi, S., Merrill, D. P., La Seta-Catamancio, S., Citterio, P.,
Offord, R. E., and Hirsch, M. S. (1999) Effective inhibition of HIV-1
isolated from patients with acute primary HIV-1 infection by
aminooxypentane-RANTES. Aids 13, 1144—S.

(241) Mosier, D. E., Picchio, G. R,, Gulizia, R. J., Sabbe, R., Poignard,
P., Picard, L., Offord, R. E., Thompson, D. A., and Wilken, J. (1999)
Highly potent RANTES analogues either prevent CCRS-using human
immunodeficiency virus type 1 infection in vivo or rapidly select for
CXCR4-using variants. J. Virol. 73, 3544—50.

(242) Torre, V. S., Marozsan, A. J., Albright, J. L., Collins, K. R,
Hartley, O., Offord, R. E, Quinones-Mateu, M. E,, and Arts, E. J.
(2000) Variable sensitivity of CCRS-tropic human immunodeficiency
virus type 1 isolates to inhibition by RANTES analogs. J. Virol. 74,
4868—76.

(243) Renaudet, O, and Dumy, P. (2004) Chemoselectively
template-assembled glycopeptide presenting clustered cancer related
T-antigen. Tetrahedron Lett. 45, 65—68.

(244) Grigalevicius, S., Chierici, S, Renaudet, O. Lo-Man, R,
Deriaud, E., Leclerc, C, and Dumy, P. (2005) Chemoselective
assembly and immunological evaluation of multiepitopic glycoconju-
gates bearing clustered Tn antigen as synthetic anticancer vaccines.
Bioconjugate Chem. 16, 1149—59.

(245) Boturyn, D., Coll, J. L., Garanger, E., Favrot, M. C., and Dumy,
P. (2004) Template assembled cyclopeptides as multimeric system for
integrin targeting and endocytosis. J. Am. Chem. Soc. 126, 5730—9.

(246) Garanger, E., Boturyn, D., Coll, J. L., Favrot, M. C., and Dumy,
P. (2006) Multivalent RGD synthetic peptides as potent a,f3; integrin
ligands. Org. Biomol. Chem. 4, 1958—65.

(247) Beal, D. M,, and Jones, L. H. (2012) Molecular scaffolds using
multiple orthogonal conjugations: Applications in chemical biology
and drug discovery. Angew. Chem., Int. Ed. 51, 6320—6326.

(248) Canne, L. E., Ferre- D’Amare, A. R, Burley, S. K, and Kent, S.
B. H. (1995) Total chemical synthesis of a unique transcription factor-
related protein: cMyc-Max. J. Am. Chem. Soc. 117, 2998—3007.

(249) Galibert, M., Sancey, L., Renaudet, O., Coll, J.-L., Dumy, P.,
and Boturyn, D. (2010) Application of click-click chemistry to the
synthesis of new multivalent RGD conjugates. Org. Biomol. Chem. 8,
5133—-5138.

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



Bioconjugate Chemistry

(250) Galibert, M., Renaudet, O., Dumy, P., and Boturyn, D. (2011)
Access to biomolecular assemblies through one-pot triple orthogonal
chemoselective ligations. Angew. Chem., Int. Ed. 50, 1901—1904.

(251) Pellois, J. P., and Muir, T. W. (2006) Semisynthetic proteins in
mechanistic studies: using chemistry to go where nature can’t. Curr.
Opin. Chem. Biol. 10, 487—91.

(252) Kent, S. B. (2009) Total chemical synthesis of proteins. Cherm.
Soc. Rev. 38, 338—51.

(253) Raibaut, L., Ollivier, N., and Melnyk, O. (2012) Sequential
native peptide ligation strategies for total chemical protein synthesis.
Chem. Soc. Rev. 41, 7001—15.

(254) Dawson, P. E., Muir, T. W., Clark-Lewis, I, and Kent, S. B.
(1994) Synthesis of proteins by native chemical ligation. Science 266,
776-9.

(255) Saxon, E. Armstrong, J. I, and Bertozzi, C. R. (2000) A
"traceless” Staudinger ligation for the chemoselective synthesis of
amide bonds. Org. Lett. 2, 2141-3.

(256) Nilsson, B. L., Kiessling, L. L., and Raines, R. T. (2000)
Staudinger ligation: a peptide from a thioester and azide. Org. Lett. 2,
1939—41.

(257) Bode, J. W, Fox, R. M, and Baucom, K. D. (2006)
Chemoselective amide ligations by decarboxylative condensations of
N-alkylhydroxylamines and a-ketoacids. Angew. Chem., Int. Ed. 4S5,
1248-52.

(258) Ollivier, N., Dheur, J., Mhidia, R., Blanpain, A., and Melnyk, O.
(2010) Bis(2-sulfanylethyl)amino native peptide ligation. Org. Lett. 12,
5238—41.

(259) Hackenberger, C. P, and Schwarzer, D. (2008) Chemo-
selective ligation and modification strategies for peptides and proteins.
Angew. Chem., Int. Ed. 47, 10030—74.

(260) Muir, T. W., Sondhi, D., and Cole, P. A. (1998) Expressed
protein ligation: a general method for protein engineering. Proc. Natl.
Acad. Sci. U. S. A. 95, 6705—10.

(261) Offer, J,, Boddy, C. N., and Dawson, P. E. (2002) Extending
synthetic access to proteins with a removable acyl transfer auxiliary. J.
Am. Chem. Soc. 124, 4642—6.

(262) Botti, P., Carrasco, M. R,, and Kent, S. B. H. (2001) Native
chemical ligation using removable N®-(1-phenyl-2-mercaptoethyl)
auxiliaries. Tetrahedron Lett. 42, 1831—1833.

(263) Marinzi, C., Bark, S. J., Offer, J.,, and Dawson, P. E. (2001) A
new scaffold for amide ligation. Bioorg. Med. Chem. 9, 2323—2328.

(264) Marinzi, C., Offer, J., Longhi, R., and Dawson, P. E. (2004) An
o-nitrobenzyl scaffold for peptide ligation: synthesis and applications.
Bioorg. Med. Chem. 12, 2749—-2757.

(265) Mende, F., and Seitz, O. (2011) 9-Fluorenylmethoxycarbonyl-
based solid-phase synthesis of peptide a-thioesters. Angew. Chem., Int.
Ed. 50, 1232—40.

(266) Ollivier, N., Behr, J. B., E-Mahdi, O., Blanpain, A., and Melnyk,
0. (2005) Fmoc solid-phase synthesis of peptide thioesters using an
intramolecular N,S-acyl shift. Org. Lett. 7, 2647—50.

(267) Hou, W., Zhang, X., Li, F., and Liu, C. F. (2011) Peptidyl N,N-
bis(2-mercaptoethyl)-amides as thioester precursors for native
chemical ligation. Org. Lett. 13, 386—389.

(268) Dheur, J., Ollivier, N., Vallin, A, and Melnyk, O. (2011)
Synthesis of peptide alkylthioesters using the intramolecular N,S-Acyl
shift properties of bis(2-sulfanylethyl)amido peptides. J. Org. Chem. 76,
3194—-3202.

(269) Boll, E., Dheur, J., Drobecq, H., and Melnyk, O. (2012) Access
to cyclic or branched peptides using bis(2-sulfanylethyl)amido side-
chain derivatives of Asp and Glu. Org. Lett. 14, 2222—S5.

(270) Merrifield, R. B. (1963) Solid phase peptide synthesis. I. The
synthesis of a tetrapeptide. J. Am. Chem. Soc. 85, 2149—-2154.

(271) Aimoto, S. (1999) Polypeptide synthesis by the thioester
method. Biopolymers 51, 247—65.

(272) Inoue, M., Shinohara, N., Tanabe, S., Takahashi, T., Okura, K.,
Itoh, H., Mizoguchi, Y., Iida, M., Lee, N., and Matsuoka, S. (2010)
Total synthesis of the large non-ribosomal peptide polytheonamide B.
Nat. Chem. 2, 280-35.

765

dx.doi.org/10.1021/bc300516f | Bioconjugate Chem. 2013, 24, 735—765



