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ABSTRACT: A direct aldol reaction employing 2,4-thiazolidine-
diones as nucleophilic donors was performed to modify peptides
and protein under mild conditions. Various functional groups could

be readily introduced into protein without conformation change.

hemical modification of proteins is an important tool for

monitoring, modulating, and tracking the behavior of
proteins in living systems." Thus, it is widely used in
biochemical assays, diagnosis,3 imaging in vivo,* PEGylation,’
pharmaceutical research,® etc. To this end, a number of
bioorthogonal reactions have been developed over the last few
decades. The chemical functionalization of protein at an early
stage is an example of a classic nucleophilic/electrophilic
modification of the natural amino acids, such as lysine,7
cysteine,” tryptophan,” etc. Selectivity is the major challenge
because most proteins display multiple copies of the targeted
residue on their surface.'® To address this issue, some unnatural
amino acids containing azide, alkene or halogen were
introduced into protein to achieve site-specific modifica-
tion.'”"" Development of site-specific methods for chemical
modification of protein have attracted significant amount of
attention.

Regardless of azide and alkyne groups, aldehyde and ketone
are preferable choices as a chemical handle because of their
unique reactivity as mild electrophiles.'> Moreover, aldehyde
could be easily introduced into protein by either a genetic
method"? or an oxidative biomimetic transamination reaction."*
Subsequently, aldehyde could be further modified with various
reagents to form the structures of oxime,"* imine, hydrazine,16
etc. However, such ligations normally may suffer from slow
kinetics and could only be accelerated by catalysts that may
limit their further applications in a biological environment."”
More modifications could be achieved by the Pictet—Spengler
reaction,'® Wittig reaction,"’ and Mukaiyama aldol reaction.”’
However, the Pictet—Spengler reaction could attain high
conversion only under acidic conditions, and the Wittig
reaction or Mukaigama aldol reaction may have limitations
on the substrates.'®”'¥*° The goal of our research is to develop
a novel bioorthogonal reaction with aldehyde as a chemical
handle using a substrate that could be easily diversified. The
aldol reaction is one of the most prevalently investigated and
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applied to C—C bond formation in organic synthesis. To the
best of our knowledge, there is no publication of enabling a
direct aldol reaction for the site-specific modification of protein.
The reason could be that direct aldol reaction under biological
conditions, such as the addition of large amount of water or
aqueous buffer as solvent, typically results in low yield as well as
slow kinetics,”’ which is not really appropriate for the
modification of protein. Recently, it was reported that 2,4-
thiazolidinediones could serve as an aldol nucleophilic donor,
and the reaction proceeded rapidly “on water” under moderate
conditions.”* We envisaged that 2,4-thiazolidinediones could be
employed for the site-specific modification of protein in
biological conditions, and structure diversity could be readily
introduced into the protein through easy modification on the
nitrogen of 2,4-thiazolidinediones. Herein we report a direct
aldol reaction using thiazolidinediones as the donor for site-
specific modification of peptide and protein.

To investigate the feasibility of this direct aldol reaction on
protein modification, an initial model study was undertaken on
the dipeptide 1 (Scheme 1). The N-terminal serine was
oxidized into aldehyde by NalO, under moderate conditions to
afford 2. The aldol reactions between 2 and 3-methyl-2,4-
thiazolidinedione (3a) in various organic solvents with different
polarity were investigated (entries 1—5, Table 1). Surprisingly,
this reaction did not proceed in all tested organic solvents
under the described conditions. When water was applied as the
solvent (entry 6, Table 1), no product was detected as well. We
speculated that the “salting out effect” could promote this
reaction in aqueous media.”> However, no reaction took place
in either brine or 4 M LiCl aqueous solution (entries 7 and 8,
Table 1). Eventually, we were delighted to find that this aldol
reaction proceeded very well in phosphate buffer solution (25
mM, pH = 7.0) and gave 90% yield of the desired product.
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Scheme 1. Model Study by Using Dipeptide 1
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Table 1. Optimization of the Aldol Reaction of Dipeptide
Aldehyde 2 and 3a®

yield®

entry catalyst solvent” (%) ratio?
1 NO DMSO ND*

2 NO DMF ND

3 NO CH,0H ND

4 NO 1,4-dioxane ND

S NO DCM ND

6 NO H,0 ND

7 NO brine ND

8 NO H,0 (4 M LiCl) ND

9 NO PB buffer 90 57:43
10 NO citric acid—NaOH 82 61:39

buffer

11 NO Tris—HCI buffer 30 65:35
12 v-proline (20 mol %) PB buffer 91 53:47
131 NO PB buffer 91 55:45

“Unless specified, a mixture of 2 (23 mg, 0.1 mmol) and 3a (20 mg,
0.15 mmol) in a solvent (0.5 mL) was stirred at for 6 h. “Unless
specified, the concentratlon of buffer was 25 mM and the pH value was
7.0. “Isolated yield. “Isomeric ratio was determined by 13C NMR
analysis of the crude reaction mixture. “Not detected by TLC.”3 equiv
of 3a was used.

Citric acid—NaOH buffer gave results comparable to those for
the phosphate buffer (entry 10, Table 1), while a lower yield
was observed in Tris—HCI buffer (entry 11, Table 1) at the
same pH value. The intriguing solvent effect on the reaction
still remains to be explained.

The diastereoselectivity of the reaction was poor as shown in
Table 1. L-Proline was reported to promote stereoselective aldol
reaction in the presence of water.>* However, it had no
significant effect on the reaction (entry 12, Table 1). It is likely
that the ionic interactions and/or hydrogen bonds that are
critical for stabilizing the transition state of reaction were
interrupted by the large amount of water, consequently altering
the stereoselectmty Nevertheless, the development of the
bioorthogonal reaction placed emphasis primarily on efficiency.
Therefore, the optimization efforts were focused little on the
stereochemistry of this reaction.

Further optimization of reaction conditions demonstrated
that the addition of L-proline as catalyst and the extra addition
of 3a had no significant influence on yield (entry 13, Table 1).
As a result, 1.5 equiv of 3a in the presence of no catalyst in
phosphate buffer was chosen as the reaction condition for
further study.

Next, the pH-dependence of the reaction was screened,
noting a higher yield at neutral to basic pH (Table 2). The pH
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was fixed at 7.0 because it not only gave a high yield in the aldol
reaction but also was close to the physiological environment.

Table 2. pH-Dependence Study of the Aldol Reaction of
Dipeptide Aldehyde 2 and 3a“

entry pH yield® (%) ratio®
1 PB buffer, pH = 2.3 ND?
2 PB buffer, pH = 4.8 trace
3 PB buffer, pH = 6.0 42 60:40
4 PB buffer, pH = 6.5 79 56:44
S PB buffer, pH = 7.0 20 57:43
6 PB buffer, pH = 8.0 89 62:38
7 Na,CO;—NaHCO; buffer, pH = 9.1 90 65:35

“Unless specified, see footnote a in Table 1. “Isolated yield. “Isomeric
ratio was, determined by '*C NMR analysis of the crude reaction
mixture. “Not detected by TLC.

The solubility of substrate is an important factor for aqueous
organic reactions. Accordingly, 3a—d (entries 1—4, Table 3)

Table 3. Solubility and Steric Effect Study of the Aldol
Reaction of Dipeptide Aldehyde 2 and 3“

entry R time (h) yield® (%) ratic° solubility of 3 (mg/mL)?
1 a 6 20 57:43 >S50
2 b 24 84 60:40 43
3 c 24 65 61:39 18
4 d 24 40 54:46 4
S e 24 37 65:35 14

“Unless specified, a mixture of 2 (23 mg, 0.1 mmol) and 3 (0.15
mmol) in PB buffer (05 mL, 25 mM, pH = 7.0) was stirred for a
specified time period. bIsolated yield. “The isomeric ratio was
determined by *C NMR analysis of the crude reaction mixture. “30
mg of 3 was added to 0.6 mL of PB buffer (25 mM, pH = 7.0). The
system was incubated in a shaker (100 rpm, 37 °C) for 48 h. The
solubility was obtained by HPLC analysis.

were synthesized to study the effect of solubility on the aldol
ligation. While the solubility of 3a—d decreased with increasing
length of the carbon chain, the rate of reaction declined along
with the solubility. It may suggest that a shorter carbon chain
(no more than two carbons) or hydrophilic chain could be a
better candidate for the linkage. Isopropyl-substituted 2,4-
thiazolidinediones (3e) were synthesized to explore the steric
effect on the reaction. Compared to 3¢, 3e gave much lower
yield even though the two substrates possessed similar
solubility. This may indicate that bulky substituent groups
slow the reaction.

Structure diversity could be readily introduced to 24-
thiazolidinedione by a one-step substitution reaction with
bromides. A number of selected functional N-substituted 2,4-
thiazolidinediones were investigated to explore the scope of this
direct aldol reaction. It was inspiring that a variety of substrates
performed well to afford the aldol products with yields ranging
from 52 to 91% (Table 4). Different functional groups
including olefin, alkyne, ester, azide, bromide, and a PEG
chain were introduced to the peptide model. It was noteworthy
that the reaction with olefin and alkyne substrates proceeded
rapidly with high yield. The results indicated that this method
could be applicable for functionalization of protein.

Thioglycol (200 mM) was used for a thiol competition test,
and it had no effect on the efficiency of this reaction. To further
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Table 4. Substrate Study of the Aldol Reaction of Dipeptide
Aldehyde 2 and 37

entry R time (h) yieldb (%) ratio®
1 f 6 91 69:31
2 g 6 88 65:35
3 h 6 89 60:40
4 i 48 70 63:37
5 j 48 82 65:35
6 k 48 73 57:43
7 1 48 52 62:38
8 m 24 72 58:42

“Unless specified, see footnote a in Table 3. “Isolated yield. “Isomeric
ratio was determined by *C NMR analysis of the crude reaction
mixture.

test this aldol ligation reaction toward the standards of
bioorthogonality in biological environments of increasing
complexity, 2 and 3a were subjected to cell media (DMEM
+5% FBS) and an aqueous solution containing 10% untreated
lysate (Table 5).*® The reactions were carried out at room

Table 5. Tolerance Test of the Aldol Reaction of Dipeptide
Aldehyde 2 and 3a in Cell Media and Cell Lysate®

entry solvent yield® (%) ratio®
1 PB buffer/DMEM (+5% FBS) = 1:1 83 64:36
2 PB buffer/lysate =9:1 85 62:38

“Unless specified, a mixture of 2 (23 mg, 0.1 mmol) and 3a (20 mg,
0.15 mmol) in a solvent (0.5 mL) was stirred for 12 h. *Isolated yield.
“Isomeric ratio was determined by *C NMR analysis of the crude
reaction mixture.

temperature for 12 h and followed by standard workup and
purification. The results suggested that the aldol reaction
proceeded efficiently in cell media and cell lysate. A kinetic
study was conducted in PB buffer (25% of DMSO-d;) by
NMR. The second-order rate constant for 2 and 3a was 0.0078
M~ s7! (Figure S1, Supporting Information), which was faster
than the Staudinger reaction (0.0025 M~ s7!).*” Overall, the
results were encouraging for the modification of protein by this
direct aldol reaction.

Subsequently, we sought to apply this reaction to the
modification of protein. Myoglobin was selected to be the
protein model because its N-terminal residue glycine could be
conveniently oxidized to aldehyde by pyridoxal-5'-phosphate
(PLP).>® Compound 3a was chosen for the protein
modification because of its high reactivity. In the same PB
buffer which was used in the PLP oxidation (25 mM, pH =
6.5), the aldehyde containing myoglobin was subjected to 3a in
1.5 mL plastic tube with final protein concentration 37.5 yM
and incubated at 37 °C for 3 h in a shaker (100 rpm). As
expected, the desired modified myoglobin was observed by
MALDI-TOF analysis (Figure 1, a and b). A conversion rate of
83% was quantitatively determined by LC—ESI-Orbitrap MS
analysis (Table 6 and Figure S3, Supporting Information).”®
Unmodified myoglobin that having no aldehyde functionality
was employed as control and no product was observed. The
site-specific modification was further confirmed by the trypsin
digestion. LC—MS/MS analysis of the resulting peptide
fragments showed that the aldol reaction occurred site-
specifically with aldehyde at the N-terminal of myoglobin
(Figure S4, Supporting Information).
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Figure 1. MALDI-TOF analysis of unmodified and modified
myoglobin: (a) unmodified myoglobin; (b) modified myoglobin by
3a; (c and d) CD and UV/vis spectra of unmodified and modified
myoglobin.

Table 6. Site-Specific Modification of Aldehyde Containing
Myoglobin

Q.
o) o s
JJ\/NHZ ; H T“e
-8 $.5. R’
= PLP Y b o 0
PBBuffer </ L ’ PB Buffer
37°C,20n = }}\5 a79¢
Myoglobin Aldehyde containing Moﬁi{.ied myoglobin
myaoglobin
entry R conv” (%)
1 a 83
2 g 75
3 i 81
4 k 80
S m 66

“Calculated by LC—ESI-Orbitrap MS.

To expand the scope of substrates on protein modification,
2,4-thiazolinediones (3gikm) carrying an alkyne, azide,
bromide, and short polyethylene glycol chain, respectively,
were subjected to the aldehyde containing myoglobin following
the above method. The solvent was changed to PB buffer/t-
BuOH (5:1) to improve the solubility of 3.°° All functionalized
myoglobins were detected by MALDI-TOF analysis (Figure S2,
Supporting Information), and the conversions were quantita-
tively determined by the LC—ESI-Orbitrap MS analysis (Table
6 and Figure S3, Supporting Information). The results showed
that the aldehyde-containing myoglobins were chemically
modified with yields ranging from 66 to 81% under the mild
conditions. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis provided further confirmation
of the modification (Figure S5, Supporting Information).

The comparison of circular dichroism (CD) and UV/vis
spectra of the native and functionalized myoglobin with 3a by
the direct aldol reaction showed little change, which provided
evidence that the structure/conformation of protein was not
changed in the process of modification (Figure Ic,d).
Moreover, the protein function of storing and releasing oxygen
was tested under both the oxidation and reduction conditions
by the visible spectra (450—700 nm) (Figure S6, Supporting
Information). The results indicated that its function was still
retained with the modification by the aldol reaction. In
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addition, 2,4-thiazolinedione (3a) was proved to be relatively
safe to 3T3 and LO2 cells even at high concentration (Table
S2, Supporting Information), which indicated that the aldol
ligation has potential for application inside the cells.

In conclusion, we have described the first direct aldol
reaction that could be applied for site-specific chemical
modification of an aldehyde-containing protein. N-Substituted
2,4-thiazolidinediones could selectively form a stable C—C
bond with an aldehyde-containing protein under moderate
conditions and thereby introduce diverse functional groups
including azide, olefin, and bromide into protein without
changing its native conformation. This direct aldol ligation may
offer a potential bioorthogonal reaction for functionalization of
protein.
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