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Solid-phase affinity labeling of a target protein, peanut
agglutinin (PNA), with the specifically designed chemical tool
1 selectively and effectively furnished the labeled PNA.
Furthermore, this method was applicable to native human
carbonic anhydrase II in red blood cell lysate using the
chemical tool 2 without the need for tedious manipulations.

The development of novel methods to selectively isolate or
modify a specific target protein by incorporation of functional
groups, such as biotin, fluorescent probes, or affinity tags, has
attracted much attention in the fields of chemistry, biology, and
medicine. Efficient chemistry-based approaches, such as affinity
labeling methods, for the specific modification of target proteins
without the need for genetic manipulation and loss of the original
biological activity have recently been developed.! However,
tedious manipulations are still needed for solution-phase
chemical approaches to the purification and isolation of labeled
proteins: 1) separation of labeled from unlabeled protein can be
problematic due to the small difference in molecular weight
between them and 2) separation of ligand molecule used for
affinity labeling from the target protein can be difficult due to the
high affinity between them. This report describes a solid-phase
affinity labeling method utilizing a biocompatible polymer for the
target-selective isolation and modification of proteins without the
need for tedious manipulations.

To develop the solid-phase affinity labeling method, solid-
supported chemical tools containing three functionalities in the
molecular structure were designed, as shown in Fig. la. One is a
ligand moiety that binds to a target protein selectively; the second
is an alkylating group, 2-bromoacetamide, that can form a
covalent bond with the target protein; and the third is a ligand
exchange site, a hydrazone group, that can remove the labeled
target protein from the solid support and introduce a reactive
handle, such as an azide moiety that is useful for Staudinger
ligation” and copper-catalyzed Huisgen [3+2] cycloaddition®
reactions under physiological conditions. PEGA resin was chosen
as the solid support.* PEGA resin is porous and hydrophilic,
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suitable for both chemical and enzymatic reactions® and for
screening biomolecules such as antibodies, lectins, and proteins.®
The strategy is illustrated in Fig. 1b. Recognition of the target
protein by the ligand molecule in the solid-supported chemical
tool triggered alkylation of the nucleophilic amino acid residue
on the target protein with the 2-bromoacetamide group of the
solid-supported chemical tool. Subsequent washing of the
resulting resin to remove the unlabeled target protein and other
proteins provided the resin-bound target protein 3. The
hydrazone-oxime ligand exchange reaction'™"’ of 3 with an O-
alkyloxyamine, followed by washing of the resulting resin,
provided the ligand-bound PEGA resin 4 and the pure labeled
target protein 5. In addition, when an azide-functionalized O-
alkyloxyamine was used for the ligand exchange reaction, the
labeled target protein 5 with an azide group (R = N;) was
obtained and derivatized by subsequent copper-catalyzed Huisgen
reaction with an acetylene-appended functional molecule to
furnish the modified target protein 6. No complicated
manipulations were required.
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Fig. 1 (a) Molecular design and structure of solid-supported chemical
tools 1 and 2, and (b) representation of the solid-phase affinity labeling
method.
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To investigate our hypothesis, we first selected 3-D-galactoside
and peanut agglutinin (PNA) as a ligand molecule and a target
protein, respectively, and designed the solid-supported chemical
tool 1. It is known that the interactions between monosaccharides
and lectins are generally weak, and the association constant for
binding of methyl B-D-galactoside to PNA is 1.18x10° M™'?®
Therefore, we envisaged that if target-selective isolation and
modification of PNA with 1 was feasible, applications to other
target receptor proteins by changing the ligand moiety would be
possible. The synthesis of designed solid-supported chemical tool
1 is shown in Scheme 1. Starting with amino-functionalized
PEGAgq resin (50 pmol/g, swollen form in MeOH), spacer unit
7° was elongated on the resin by an amide coupling reaction
using TBTU/NEM, followed by deprotection of the Fmoc group
with 20% piperidine in DMF. This reaction sequence was
repeated five times to obtain the five spacer units of the elongated
amino resin 8. Complete conversion at each coupling step was
confirmed through a negative Kaiser test.'® Then, amidation of 8
with 9 (see ESI Scheme S1t) was performed using DMT-MM"!
in DMF/H,0 for 24 h, and the remaining free amino groups were
capped with N-ethylmaleimide. Completion of the capping
reaction was confirmed through a negative Kaiser test. Removal
of the Fmoc group with 20% piperidine in DMF provided 10.
Measurement of the UV absorbance of the piperidine-
dibenzofulvene adduct (301 nm) formed during the Fmoc
deprotection reaction indicated that the loading value of 10 was
30.4 umol/g. Treatment of 10 with aldehyde 11 (see ESI Scheme
S27) furnished 1.

With the solid-supported chemical tool 1 successfully
created, the solid-phase affinity labeling reaction of PNA was
examined in HEPES buffer (50 mM, pH 8.0) at room temperature
(Fig. 2a). Note that 4.0 equiv. of PNA (200 uM) to the galactose
ligand on 1 were used in this reaction, because PNA exists as a
tetramer at pH 8,'> and only one-fourth of the PNA was expected
to be labeled on the solid surface. After incubation of 1 with PNA
for 24 h, the reaction mixture was filtered, and the resulting resin

1) TBTU, NEM, DMF, rt, 8 h

HO7C\40\/>‘NHFmoc
2) DMF/plp 4/1 rt,1h
NH, | Spacer |-NH,
PEGATesin Repeated
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OH 1) DMT-MM
o=, H,0/DMF=1/1
o 7 0 rt, 24h
8 % N:N,N)N/H_\—< 4>
/‘w NH 2) N-Ethyimaleimide
oH NHFmoc  TEA, MeOH
9 et; 1h

3) DMF/pip.=4/1
rt,1h
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(
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NH )—Q—om
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1) “ 0 /NH
i /w NH 1
HO%O NH, MeOH/DMF
g OH 10 (30.4 pmolig) rt, 16h

Scheme 1 Synthetic scheme of 1. TBTU = N,N,N’,N -tetramethyl-O-
(benzotriazol-1-yl)uronium tetrafluoroborate; NEM = N-ethylmorphorine;
DMF = N,N-dimethylformamide; pip. = piperidine; DMT-MM = 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride; TEA =
triethylamine.
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Fig. 2 a) Solid-phase affinity labeling reaction of PNA using 1, and ligand
exchange reaction of 12 with 13. b) MALDI-TOF MS analysis of PNA
(®) (M,, 24991) and the labeled PNA 14 (W) (M, 25317) (The asterisk
() is the peak of PNA + matrix).

was washed twice with the reaction buffer to remove unreacted
PNA. Conversion of the labeling reaction was calculated based
on the recovered PNA concentration estimated by the Bradford
method." Results showed that the labeling reaction of PNA with
1 proceeded effectively to give resin-bound PNA 12 in 70%
yield. This indicates that PNA effectively bound to the galactose
ligand and reacted with the 2-bromoacetamide moiety on the
solid support. Next, the hydrazone-oxime ligand exchange
reaction was examined using aminooxyacetic acid (13) in acetate
buffer (50 mM, pH 5.5) at 37 °C to cleave labeled PNA from the
solid support. The ligand exchange reaction also proceeded to
give 14 in 52% yield. In addition, MALDI-TOF MS data
indicated that a peak corresponding to the labeled PNA 14 clearly
appeared as a single peak after the cleavage reaction (Fig. 2b).
Next, to confirm protein selectivity, the affinity labeling
reaction was conducted in the presence of an equimolar mixture
(25 uM, 4.0 equiv. to 1) of four proteins, bovine serum albumin
(BSA), fetuin, PNA, and ribonuclease A (RNase A), using 1, and
ligand exchange with 13 (Fig. 3a). The progress of each reaction
step was monitored by SDS-PAGE (Fig. 3b). Results showed that
only the SDS-PAGE band corresponding to the target protein
PNA was reduced after affinity labeling compared to that before

b
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RNaseA Fetuin 66000 -H B<SA<&
Fetuin
1, HEPES buffer l 45000
(50 mM, pH 8.0)
rt, 24h S0 PR p—
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B | —-- 4
37°C, 48h 45 RNase'A
14

Fig. 3 (a) Reaction scheme for solid-phase affinity labeling reaction of
PNA using 1 in the protein mixtures (BSA, fetuin, PNA, and RNase A),
and ligand exchange reaction with 13. (b) SDS-PAGE analysis of the
affinity labeling reaction and ligand exchange reaction by SYPRO Ruby
staining. Lane 1, size marker; lane 2, before affinity labeling; lane 3, after
affinity labeling; lane 4, authentic standard of PNA; lane 5, after ligand
exchange.

Page 2 of 5

2 | Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]



Page 3 of 5

ChemComm

o

20

25

30

35

4

S

45

the labeling reaction (Fig. 3b, lanes 2 and 3). Furthermore, after
ligand exchange, labeled PNA 14 was effectively and selectively
isolated from the other three proteins, which do not possess
affinity toward the galactose ligand in 1 (Fig. 3b, lane 5). These
results clearly indicate that target-selective isolation of protein
was feasible,'* even in protein mixtures, using this solid-phase
affinity labeling method under mild aqueous conditions without
the need for complicated manipulations.

To demonstrate the applicability of this method, human
carbonic anhydrase II (hCAII) and benzenesulfonamide were
chosen as a combination of the target protein and its specific
ligand,"™™!® respectively, and the solid-supported chemical tool 2
was designed. After chemical synthesis of 2 (see ESI Schemes S3
and S4+), solid-phase affinity labeling of purified hCAII (5§ uM)
using 2 in HEPES buffer (50 mM, pH 8.0) for 24 h at room
temperature, and ligand exchange in acetate buffer (50 mM, pH
5.5) for 24 h at room temperature with 13, were conducted.
Results showed that both affinity labeling and ligand exchange
proceeded effectively to give resin-bound hCAII 15 and labeled
hCAII 17 in 69% and 68% yields, respectively (see ESI Scheme
S5+). The labeling site of 17 was determined by the peptide
mapping experiment using Lysyl endopeptidase.'® Results
clarified that the labeling site of 17 was His-3 (see ESI Fig. S1+).
Next, the affinity labeling of native hCAII in cell lysate of human
red blood cells (hRBCs)'" using 2, and ligand exchange were
examined under the same reaction conditions (Fig. 4a). The
progress of each reaction step was monitored by SDS-PAGE
(Fig. 4b). Results showed that only the SDS-PAGE band
corresponding to the target protein hCAIIl was clearly reduced
after affinity labeling compared to before the labeling reaction
(Fig. 4b, lanes 2 and 3). Furthermore, after ligand exchange with
13, labeled hCAII 17 was effectively and selectively isolated
from the other proteins (Fig. 4b, lane 4).

Finally, to demonstrate the target selective isolation and
modification of native hCAII in cell lysate, affinity labeling using
2, ligand exchange with 16, and subsequent Huisgen reaction
using acetylene-appended fluorescein 19'® were examined. The
reaction progress was analyzed by MALDI-TOF MS and SDS-
PAGE. Results showed that both affinity labeling in hRBC lysate
and ligand exchange with 16 proceeded effectively and
selectively to provide azide-labeled hCAII 18'7 (Fig. 4b, lane 5).
In addition, Huisgen reaction of 18 with 19 in the presence of
[Cu(MeCN)4]PFs and triazole ligand 20'® in 25 mM HEPES
buffer (pH 8.0) for 2 h at room temperature afforded fluorescein-
labeled hCAII 21. The MALDI-TOF MS data indicated that a
new peak corresponding to 21 appeared after the Huisgen
reaction (see ESI Fig. S37). Furthermore, the SDS-PAGE band
corresponding to 21 was clearly detected as a single band by not
only CBB staining but also in-gel fluorescence image (Fig. 4c).
These results indicate that this solid-phase affinity labeling
method was applicable for target-selective isolation and
modification of the native protein even in human cell lysate under
mild aqueous conditions.

In conclusion, a novel solid-phase affinity labeling method was
developed for target-selective isolation and modification of
proteins under mild aqueous conditions without the need for
tedious manipulations, which are typically needed in
conventional methods. In addition, this method is quite novel
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Fig. 4 a) Reaction scheme for solid-phase affinity labeling reaction of
native hCAII in human red blood cell lysate using 2, and ligand exchange
reaction with 13 or 16. b) SDS-PAGE analysis by SYPRO Ruby staining.
Lane 1, size marker; lane 2, before affinity labeling; lane 3, after affinity
labeling; lane 4, after ligand exchange with 13; lane 5, after ligand
exchange with 16. ¢) SDS-PAGE analysis by CBB staining (lanes 1-3)
and in-gel fluorescence image (lane 4). Lane 1, size marker; lane 2, before
affinity labeling; lane 3, after ligand exchange with 16; lane 4, after
Huisgen reaction with 19.
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from the methodological point of view. The designed solid-
supported chemical tools can be easily and effectively
synthesized on biocompatible PEGA resin and then directly used
for protein labeling experiments. Moreover, it was revealed that
this method could be applicable for the target selective isolation
and modification of proteins by changing the ligand moiety.
Furthermore, it was successfully demonstrated that target-
selective isolation and modification of the native protein, hCAII,
was feasible, even from human cell lysate under mild aqueous
conditions without need for complicated manipulations. We
expect this method to be generally applicable not only for target-
selective isolation and modification of unknown target receptor
proteins of biologically active small molecules but also for
creating multi-functional artificial proteins. These investigations
are ongoing.

This research was supported in part by the MEXT-supported
Program for the Strategic Research Foundation at Private

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 3



ChemComm

Universities, 2012-2016, and Grants-in-Aid for Young Scientists
(B) (No. 25750387) from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT).

Notes and references

51

20

25

30

35 4

40

45

60

65

(a) S. J. Pollack, G. R. Nakayama and P. G. Schultz, Science, 1988,
242, 1038; (b) I. Hamachi, T. Nagase and S. Shinkai, J. Am. Chem.
Soc., 2000, 122, 12065; (c) T. Nagase, S. Shinkai and 1. Hamachi,
Chem. Commun., 2001, 229; (d) T. Nagase, E. Nakata, S. Shinkai and
I. Hamachi, Chem. Eur. J., 2003, 9, 3660; (¢) E. Nakata, T. Nagase,
S. Shinkai and I. Hamachi, J. Am. Chem. Soc., 2004, 126, 490; (f) E.
Nakata, Y. Koshi, E. Koga, Y. Katayama and I. Hamachi, J. Am.
Chem. Soc., 2005, 127, 13253; (g) Y. Koshi, E. Nakata and L
Hamachi, ChemBioChem, 2005, 6, 1349; (h) Y. Takaoka, H.
Tsutsumi, N. Kasagi, E. Nakata and 1. Hamachi, J. Am. Chem. Soc.,
2006, 128, 3273; (i) M. Ishii, S. Matsumura and K. Toshima, Angew.
Chem. Int. Ed., 2007, 46, 8396; (j) Y. Koshi, E. Nakata, M.
Miyagawa, S. Tsukiji, T. Ogawa and 1. Hamachi, J. Am. Chem. Soc.,
2008, 130, 245; (k) H. Wakabayashi, M. Miyagawa, Y. Koshi, Y.
Takaoka, S. Tsukiji and 1. Hamachi, Chem. Asian J., 2008, 3, 1134;
(D S. Tsukiji, M. Miyagawa, Y. Takaoka, T. Tamura and 1. Hamachi,
Nat. Chem. Biol.,, 2009, 5, 341; (m) S. Tsukiji, H. Wang, M.
Miyagawa, T. Tamura, Y. Takaoka and 1. Hamachi, J. Am. Chem.
Soc., 2009, 131, 9046; (n) H. Wang, Y. Koshi, D. Minato, H.
Nonaka, S. Kiyonaka, Y. Mori, S. Tsukiji and I. Hamachi, J. Am.
Chem. Soc., 2011, 133, 12220; (o) Y. Imai, S. Hirono, H. Matsuba, T.
Suzuki, Y. Kobayashi, H. Kawagishi, D. Takahashi and K. Toshima,
Chem. Asian J., 2012, 7, 97; (p) T. Tamura, S. Tsukiji and L
Hamachi, J. Am. Chem. Soc., 2012, 134, 2216.

(a) E. Saxon and C. R. Bertozzi, Science, 2000, 287, 2007; (b) K. L.
Kiick, E. Saxon, D. A. Tirrell and C. R. Bertozzi, Proc. Natl. Acad.
Sci. USA, 2002, 99, 19.

(a) C. W. Tornge, C. Christensen and M. Meldal, J. Org. Chem.,
2002, 67, 3057; (b) V. V. Rostovsev, L. G. Green, V. V. Fokin and
K. B. Sharpless, Angew. Chem. Int. Ed., 2002, 41, 2596.

M. Meldal, Tetrahedron Lett., 1992, 33, 3077.

(a) M. Meldal, F.-I. Auzanneau, O. Hindsgaul and M. M. Palcic, J.
Chem. Soc., Chem. Commun., 1994, 1849; (b) F.-I. Auzanneau, M.
Meldal and K. Bock, J. Peptide Sci., 1995, 1, 31.

70

75

80 9
10
11

85

13
14

90

95

15

100

16

105

17

S. K. Kracun, E. Cl6, H. Clausen, S. B. Levery, K. J. Jensen and O.
Blixt, J. Proteome Res., 2010, 9, 6705.

(a) V. A. Polyakov, M. I. Nelen, N. Nazarpack-Kandlousy, A. D.
Ryabov and A. V. Eliseev, J. Phys. Org. Chem., 1999, 12, 357; (b) V.
Goral, M. L. Nelen, A. V. Eliseev and J.-M. Lehn, Proc. Natl. Acad.
Sci. US4, 2001, 98, 1347; (c) H. Shao, M. M. Cmogorac, T. Kong,
S.-Y. Chen, J. M. Williams, J. M. Tack, V. Gueriguian, E. N. Cagle,
M. Carnevali, D. Tumelty, X. Paliard, L. P. Miranda, J. A. Bradburne
and G. G. Kochendoerfer, J. Am. Chem. Soc., 2005, 127, 1350.

M. J. Swamy, D. Gupta, S. K. Mahanta and A. Surolia, Carbohydr.
Res., 1991, 213, 59.

C. Visintin, A. E. Aliev, D. Riddall, D. Baker, M. Okuyama, P. M.
Hoi, R. Hiley and D. L. Selwood, Org. Lett., 2005, 7, 1699.

E. Kaiser, R. L. Colescott, C. D. Bossinger and P. . Cook, A4nal.
Biochem., 1970, 34, 595.

M. Kunishima, C. Kawachi, K. Hiroki, K. Terao and S. Tani,
Tetrahedron, 2001, 57, 1551.

W. W. Fish, L. M. Hamlin and R. L. Miller, Arch. Biochem. Biophys.,
1978, 190, 693.

T. Spector, Anal. Biochem., 1978, 86, 142.

As a control experiment, the solid-phase affinity labeling reaction of
cysteine protease papain, which possesses a highly reactive cysteine
residue, was examined using 1. It was found that the labeling reaction
of papain did not proceed, and 99% papain was recovered by
washing. These results clearly indicate that non-specific alkylation
reaction of the proteins, which do not possess affinity toward the
galactose ligand in 1, is hard to proceed (see ESIf).

(a) G. Chen, A. Heim, D. Riether, D. Yee, Y. Milgrom, M. A.
Gawinowicz and D. Sames, J. Am. Chem. Soc., 2003, 125, 8130; (b)
V. M. Krishnamurthy, G. K. Kaufman, A. R. Urbach, 1. Gitlin, K. L.
Gudiksen, D. B. Weibel and G. M. Whitesides, Chem. Rev., 2008,
108, 946.

(a) Q. Wang, T. R. Chan, R. Hilgraf, V. V. Fokin, K. B. Sharpless
and M. G. Finn, J. Am. Chem. Soc., 2003, 125, 3192; (b) Y. L. Jiang,
C. A. McGoldrick, D. Yin, J. Zhao, V. Patel, M. F. Brannon, J. W.
Lightner, K. Krishnan and W. L. Stone, Bioorg. Med. Chem. Lett.,
2012, 22, 3632.

The identity of the isolated N3-hCAIl 18 was confirmed by western
blotting analysis (see ESI Fig. S27).

Z. Zhou and C. J. Fahrni, J. Am. Chem. Soc., 2004, 126, 8862.

4 | Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]

Page 4 of 5



Page 5 of 5

ChemComm

exchange group

4

‘Targeting  Alkylating

“Labeled target
protein” !

“Solid-supported
chemical tools”
Protein mixtures ~ PEGA
resin Ligand

ligand group
Affinity Ligand
labeling exchange
reaction reaction

80x35mm (300 x 300 DPI)



