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Abstract
Project Code: RSA5280020
Project Title: Design and synthesis of novel reagent for specific binding and cleavage of
proteins
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E-mail Address: apinyac@swu.ac.th; buraapinya@hotmail.com
Project Period: 2 March 2009 — 31 December 2012

Project Description:

The binding of small molecules (ligands) to proteins is an important event in many
biological processes. One strategy to locate ligand binding sites on proteins is to attach a
photochemical reagent to the ligand. Such an approach requires the design of
photochemical reagents that are capable of binding proteins at specific sites. In this study,
a new pyrenyl probe, d-biotinyl-1(1-pyrene)methylamide (Py—biotin) was designed and
synthesized by coupling of d-biotin to 1(1-pyrene)methylamine hydrochloride. Binding
studies and site-specific photocleavage of avidin and streptavidin by Py-biotin were
demonstrated. Red shifts of the absorption peak positions of the pyrenyl chromophore
followed by hyperchromism were observed upon binding to avidin. The photocleavage of
avidin was achieved when a mixture of the protein, Py—biotin, and an electron acceptor,
cobalt(lll) hexammine trichloride (CoHA), was irradiated at 342 nm. N-terminal sequencing
of the peptide fragments indicated a cleavage site of avidin between Thr 77 and Val 78.
The formation of pyrenyl cation radical resulted from quenching of pyrene excited state by
CoHA is expected to play the important role in the photoreaction.

In addition, the photocleavage of protein by a molybdenum complex is also
demonstrated in this report. A molybdenum(VI) peroxo Ol-amino acid complex,
MoO(0O,),(0l-leucine) (H,0), was synthesized and used for site-specific cleavage of porcine
pepsin, a model protein. Photocleavage of pepsin by MoO(O,),(Ql-leucine)(H,O) was
achieved upon irradiation of the pepsin/MoO(O,),(Ol-leucine)(H,0) mixture by UV light (320

and 340 nm) for 10-30 minutes. No cleavage was observed in the absence of MoO(O,),(Ol-
leucine)(H,O) or the light. The photocleavage yield increased with irradiation time. N-

terminal sequencing of the cleaved fragments indicated the assigned cleavage site to



Leu(112)-Tyr(113). The cleavage reaction was quenched by ethanol. Therefore, hydroxyl
radicals may be involved in the reaction and responsible for the cleavage of the protein.
This is the first demonstration of the successful photocleavage of proteins by a
molybdenum complex. This observation can provide a new approach for the photochemical

footprinting of metal binding sites on proteins.

Keywords: photocleavage, pepsin, molybdenum complex, avidin, biotin, protein-metal

interaction, pyrene
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by a new pyrenyl probe. J. Photochem. Photobiol. B, 103, 251-255.
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Design and synthesis of novel reagent for specific binding and cleavage of

proteins

1. Introduction

Protein cleaving reagents (chemical proteases) have been of recent interest in
biological chemistry. Because of the extreme stability of the peptide bond (half life of ~7
years at room temperature, pH 7) [1], the development of such reagents is challenging.
Reagents that can specifically cleave the protein backbone can be useful in chemistry and
biology. Such reagents can be used to map ligand binding sites on proteins, DNA binding
sites on proteins, and to explore protein-protein interactions. Protein sequencing studies, in
addition, can utilize such reagents to produce smaller fragments that are more amenable
for peptide sequencing. Successful design of new and efficient chemical peptidases also
improves our understanding of the molecular basis for recognition of small molecules by
proteins [2-8].

The design of such reagents should include, 1) appropriate recognition elements for
binding to the target site with high affinity, and 2) chromophores which can be activated to
produce the desired cleavage chemistry with high selectivity. Photocleavage of proteins by
small, designed organic molecules has been developed in our laboratories [9-15].
Photoreactive chromophores linked to short peptides have been developed and protein
photocleavage at the probe binding site was achieved. The resulting peptides are amenable
to sequencing, an important feature for biochemical applications of these reagents. BSA, for
example, was cleaved by N-[4(1-pyrene)butyroyl]-L-phenylalanine (Py-L-Phe) between Leu
346 and Arg 347, while lysozyme was cleaved between Trp 108 and Val 109. In the study,
pyrenyl chromophore was selected in the modular design. The reason for choosing pyrenyl
chromophore is due to its long-lived, high energy singlet excited state, which can be used
to sensitize chemical reactions. Moreover, the pyrenyl chromophore has strong absorption
bands in the near-UV region, which are sensitive to the environment of the chromophore,
and strong fluorescence bands in the visible region, which are useful to monitor binding to

proteins.
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In this study, a new probe, d-biotinyl-1(1-pyrene) methylamide was synthesized by
coupling d-biotin to 1(1-pyrene)methylamine hydrochloride using N,N'-dicyclohexyl
carbodiimide (DCC). Current experiments are designed to test if Py-biotin would bind to
avidin at the expected site on the protein and photocleave avidin at biotin binding site.
Avidin is a tetrameric glycoprotein which binds biotin very tightly [16,17]. The protein is
composed of four identical subunits with a molecular weight approximately 15 kDa per one
subunit. The biotin-avidin interaction is one of the strongest noncovalent protein-ligand
interactions found in nature [18]. The binding constant for this interaction is very high (1015
M'1) and this feature prompted us to test avidin/biotin system for site-directed protein
cleavage at biotin binding site on avidin.

The accessibility of the probe to the aqueous phase while binding to the protein can
be estimated in fluorescence quenching studies. For the current studies, cobalt(lll)
hexammine trichloride (Co(NH;)sCl;, CoHA) was used as the fluorescence quencher since
CoHA has only weak affinity for most proteins and CoHA is highly soluble in aqueous
media. Moreover, CoHA quenches pyrenyl fluorescence at diffusion controlled rate
constants. Quenching of the pyrenyl excited states by CoHA generates radical
intermediates, which are capable of cleaving the peptide backbone. Therefore, the
quenching constants with CoHA are expected to be useful indicators for the success of the
photocleavage studies.

Another new pyrenyl probe, d-glucopyranosyl-1(1-pyrene) methylamide (Py-Glc)
(Py-Glc) was synthesized in the same way. Py-Glc was used to test the photocleavage of
sugar-binding proteins, such as lectin [19]. However, in the study we found that Py-Glc
solution was not stable. Therefore, a new probe with a transition metal was designed.

Metal complexes have been also directed to specific cleavage of proteins by using
affinity ligands. The achievement of peptide bond cleavage was accomplished via oxidative
or hydrolytic methods [20-28]. The reactions can be activated using heat (thermal reaction)
or light (photoreaction). However, the studies for protein photocleavage have not been
widely investigated. These studies could be helpful in elucidating the role of metal ions in
natural hydrolases. Photocleavage of lysozyme, for example, by Co(lll) complexes has
been reported [29]. Two photocleaved fragments were achieved upon irradiation of
lysozyme-pentammineaquocobalt(lll) complex at 310, 340, or 370 nm, at room temperature
and pH 7.0. Searching for new molecules to expand this repertoire is very challenging.

Molybdenum is one of the important metals found in metalloenzymes, and it is the only 4d
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element with a biological function [30], and photocleavage of proteins by molybdenum
complex has not been reported. Here, the ability of molybdenum complexes to selectively

cleave a protein, under photochemical conditions, is investigated. A molybenum(VI) peroxo

Ol-amino acid complex were synthesized by attaching an amino acid (leucine) to
molybdenum trioxide (MoOj). Porcine pepsin, a zymogen-derived protein, was chosen for
the current study as a model protein since the complete amino-acid sequence of porcine
pepsin and its crystal structure are known [31-32]. This new observation may provide the
rational design of transition metal complexes for the footprinting of metal binding sites on

proteins and in addition facilitate in the development of more efficient artificial proteases.
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2. Materials and methods
21 Synthesis of the probes
211 Synthesis of Py-biotin
Py-biotin was synthesized by coupling 1(1-pyrene)methylamine hydrochloride (50.0
mg) with d-biotin (50.0 mg) by using N,N'-dicyclohexyl carbodiimide (0.10 g) The mixture
was stirred at room temperature for 5 hours. Water (40.0 mL) was added to stop the
reaction. Then the product was extracted with CH,Cl, (3x10 mL), and purified using column
chromatography (eluted with CH,CI,/CH;OH). The product (Py-biotin) was characterized by
UV-VIS, fluorescence, 1H NMR and mass spectroscopy.
21.2 Synthesis of Py-Glc
Py-Glc was synthesized by coupling 1(1-pyrene)methylamine hydrochloride (52.0
mg) with glucose (52.0 mg) by using N,N'-dicyclohexyl carbodiimide (79.0 mg) in pyridine
(30 mL). The mixture was stirred at room temperature for 5 hours. Water (40.0 mL) was
added to stop the reaction. Then the product was extracted with CH,Cl, (3x10 mL), and
purified using column chromatography (eluted with CH,CI,/CH;OH). The product (Py-Glc)
was characterized by UV-VIS, fluorescence, 1H NMR and mass spectroscopy.
2.1.3 Synthesis of MoO(O,),(Ol-leucine) (H,0)
MoO(0,),(0l-leucine) (H,O) was synthesized by following the previously reported
method [33]. MoO; (2.85 g) was dissolved in 30% H,O, (10 mL) with stirring at 30°C for 24

hours. Leucine (2.70 g) was gradually added to the previous solution. The solution was

stirred at 30°C for 24 h. The yellowish precipitate was obtained (5.51 g; 85.03% yield). The
product was identified using UV-Vis, IR and 1H NMR spectroscopy.

2.2 Binding studies

Binding of Py-biotin to avidin was investigated by spectroscopic techniques. Avidin
solution (0-1.5 pM) was added to a solution of Py-biotin (4.2 uyM) and the absorption
spectra were recorded on a Shimadzu UV-2401 PC UV-VIS spectrophotometer. The
fluorescence spectra were recorded on a Jasco FP-6200 spectrofluorometer. In
fluorescence titration experiments, the pyrenyl probe was excited at 342 nm. The
fluorescence intensity was monitored at 376 nm, as a function of protein concentration. In
fluorescence quenching experiments, the probe-protein mixtures were titrated with CoHA

and the fluorescence intensities have been monitored at 376 nm (excitation at 342 nm).
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23 Photochemical Protein Cleavage
2.3.1 Cleavage of avidin by Py-biotin
The protein photocleavage was carried out in the dark room at room temperature.
Avidin (15 pM), containing Py-biotin (15 uM) and CoHA (1 mM) (as an electron acceptor) in
50 mM Tris-HCI buffer, pH 7.0 (total volume 200 pL), was irradiated at 342 nm using a 150
W xenon lamp. Dark control samples were prepared under the same conditions, as
described above, except that the solutions were protected from light. All reaction mixtures
were lyophilized (freeze-drying) until dryness.
2.3.2 Cleavage of streptavidin by Py-biotin
The cleavage study of streptavidin was performed using the same procedure as
described in the cleavage study of avidin. All reaction mixtures were lyophilized (freeze-
drying) until dryness.
2.3.3 Cleavage of lysozyme by Py-Glc
The protein photocleavage was carried out in the dark room at room temperature.
Lysozyme (15 uM), containing Py-Glc (15 uM) and CoHA (1 mM) (as an electron acceptor)
in 50 mM Tris-HCI buffer, pH 7.0 (total volume 200 uL), was irradiated at 349 nm using a
150 W xenon lamp. Dark control samples were prepared under the same conditions, as
described above, except that the solutions were protected from light. All reaction mixtures
were dried under reduced pressure. The cleavage of other proteins, such as Ol-casein and
lectin were also investigated using the same procedure.
2.3.4 Cleavage of pepsin by MoO(0O,),(Ol-leucine)(H,0)
The protein cleavage was carried out at room temperature. Porcine pepsin (15 uM)
was treated with MoO(O,),(Cl-leucine)(H,0) (2.0 mM) in 50 mM Tris-HCI buffer, pH 7.0
(total volume 200 pL), and the reaction mixtures were irradiated at 320 and 340 nm for 10-
30 min with 150W xenon lamp. Dark control sample was prepared under the same
conditions, as described above, except that the solution was protected from light. All

reaction mixtures were lyophilized (freeze-drying) until dryness.

24 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE Experiments were performed following literature methods with minor
modifications [34]. The dried sample residue was redissolved in sample loading buffer

(glycerol (1.2 mL), sodium dodecyl sulfate (7% wi/v), Tris-HCI (50 mM, pH 6.8),
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bromophenol blue (0.01% w/v) and 2-mercaptoethanol (2%, v/v)). Protein samples in
loading buffer were heated for 3 minutes before loading onto the gel. The gels (10-12%)
were run by applying 60 V until the dye passed through the stacking gel. The voltage was
then increased to 110 V. The gels were run for 1.5 h, stained with Coomassie brilliant blue,

and destained in acetic acid solution (10%).

2.5 Peptide transfer and amino acid sequencing

The separated peptide fragments on SDS-polyacrylamide gel were
transferred to PVDF membrane with a current of 140 mA for 1 h using the semi-dry system
(BIORAD) with CAPS buffer, pH 10.5. The transferred protein fragments on PVDF
membrane were stained with Coomassie brilliant blue (0.1% Coomassie brilliant blue R-250
in 40% methanol and 1% acetic acid). The desired bands were cut and sent for N-terminal
amino acid composition analysis (Midwest Analytical, Inc., MO, USA). Chemical sequencing
was performed on an automated protein sequencer. Five cycles were performed to identify

the N-terminus of the cleaved fragments.

2.6 Inhibition study
2.6.1 Inhibition of avidin cleavage
In the inhibition study, the photoreactions were performed as above but d-biotin (60
pMM) was mixed with the protein solution for 15 minutes prior to addition of Py-biotin (15 uM)
and CoHA (1 mM). The solutions were then irradiated at 342 nm as described above.
2.6.2 Inhibition of pepsin cleavage
The participation of hydroxyl radical intermediate in the cleavage reaction is tested
in quenching studies with ethanol. Ethanol (0.5 mM) was added to the reaction mixture
(pepsin + MoO(0O,),(0l-leucine)(H,0)), and the reaction mixture was irradiated at 340 nm

for 20 minutes.
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3. Results
3.1 Synthesis of the probes
3.1.1 Synthesis of Py-biotin

NH; % ~s
HNMOH
A%

+ 9N ©
o}
N
’.'n o
8. _/~NH
]
Pyrene-Biotin

Fig. 1 Structure of d-biotinyl-1(1-pyrene)methylamide (Py-biotin).

Spectroscopic data:
UV-Vis absorption spectrum: 7\,max =342 nm

"H NMR (400 MHz, 10%MeOD/CDCl,): 87.8-8.2 (9H), 5.0 (1H), 4.1 (1H), 3.8 (1H),
3.3 (2H), 2.5-2.6 (2H), 2.2 (2H), 1.1-1.7 (6H)

+

Mass spectral data: m/z 456.4 (M )

3.1.2 Synthesis of Py-Glc

OH

OH

Fig. 2 Structure of d-glucopyranosyl-1(1-pyrene) methylamide (Py-Glc).
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Spectroscopic data:
UV-Vis absorption spectrum: Xmax =349 nm

"H NMR (400 MHz, CDCl,): 07.9-8.4 (9H), 5.5-5.6 (1H), 3.9 (2H), 3.3-3.5 (5H), 2.5
(2H), 2.2 (2H), 1.9-2.1 (2H)
Mass spectral data: m/z 450.1 (M+)

3.1.3 Synthesis of MoO(O,),(Ol-leucine)(H,0)

<

0

/Mo/ \C o

7N 3
0—o © NH,

Fig. 3 Structure of molybenum(VI) peroxo Ol-amino acid complexes (MoO(O,),(0Ol-leucine)

(H20)).

Spectroscopic data:

UV-Vis absorption spectrum: Kmax = 250 nm

IR spectrum : M=0 980.26 cm ', O-O 847.59 cm™, M-O(O), 630.16 cm ', M-O(0),
531.35 cm’

"H NMR (400 MHz, CDCl,): & 3.82 ppm (1H), 2.67 ppm (2H), 1.98 ppm (1H),0.98
ppm (6H)

3.2 Binding studies using spectroscopic techniques

Binding of Py-biotin to avidin resulted in red shifts of the absorption peak positions
of the pyrenyl chromophore with an isosbestic point at 3425 nm followed by
hyperchromism (Fig. 4) with the binding constant of 8.0 x 106 dm3 moI_1 and binding site of
4. The data indicate a multimodal binding with several binding states, which is consistent
with the fact that there are at least 4 distinct sites where biotin is known to bind. The red
shifts in the absorption spectra with increase in protein concentration followed by
hyperchromism clearly indicate that the pyrenyl chromophore sensing environmental

changes upon binding to the protein.
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Fig. 4 Absorption spectra of Py-biotin with increasing concentrations of avidin. The initial
decrease in the absorbance with the red shift (342 to 345 nm) of the peak positions and

the isosbestic point at 342.5 nm are evident in the spectra.

The fluorescence of Py-biotin (2.0 uM) was enhanced by the gradual addition of
avidin (0-10 pM, excitation at 342 nm). These observations indicate that the pyrenyl
chromophore is interacting with the protein matrix to form protein/Py-biotin complex. No
shifts in peak positions and no new bands of pyrene excimer emission were observed.
Enhanced fluorescence intensities of Py-biotin upon binding to avidin can be expected.
These results may be due to the protection of the probe from solvent, oxygen, and other
quenchers. These aspects are further examined in fluorescence quenching experiments
which will provide more information of the probe accessibility to CoHA in aqueous solution.

The accessibility of the pyrenyl chromophore of Py-biotin to the solvent was probed
in the fluorescence quenching studies, with CoHA. The emission from the avidin-bound Py-
biotin was quenched marginally by the addition of CoHA while in the absense of the
protein, the probe emission has been quenched very strongly (Fig. 5). Quenching constant

(Ks,) was obtained from Stern-Volmer equation [35]:
I/l = 1+ K, [CoHA] (1)

Where |, is the fluorescence intensity in the absence of the quencher, and | is the
intensity in the presence of the quencher. The plot of I/l as a function of CoHA

concentration (Eq. 1) gives the K, value.
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50 | N Py-biotin (2 uM)
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S 30 \~7) "W Py-biotin (2 M) + CoHA (1 mM)
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i
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0 = s
10 380 400 450 500

Wavelength (nm)

Fig. 5 Fluorescence spectra of Py-biotin (2 uM) with increasing concentrations of CoHA

(0-1.0 mM). Excitation wavelength is 342 nm.

Analysis of the data by the Stern-Volmer equation indicated that K, value of 1378.7
M (no protein) decreased dramatically when Py-biotin was bound to avidin (10 uM) with
the quenching slope reduced to ~170 M'1 (Fig. 6). Fluorescence quenching data, therefore,

indicates the protection of Py-biotin fluorescence by the protein matrix.

2.5

2 1 y=1378.7x+ 0.9516 No avidin

1.5 1

lo/I

05 | With avidin

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012

[CoHA] (M)

Fig. 6 Quenching plots of the Py-biotin (2 pM) by CoHA, in buffer (®), and in the
presence of avidin (10 uM, (H)).
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3.3 Photocleavage studies
3.3.1 Photocleavage of avidin by Py-biotin

Avidin was successfully cleaved by Py-biotin. The protein photocleavage was
monitored in gel electrophoresis experiments under denaturing conditions. Irradiation of
avidin (15 pM)/Py-biotin (15 uM) complex, in the presence of CoHA (1 mM), at 342 nm
resulted in efficient cleavage of the protein backbone at specific site, as demonstrated by
SDS-PAGE (Fig. 7). Two new bands were observed with molecular weights of ~9 and ~5
kDa (lanes 8-9) and the sum of the molecular masses of the fragments roughly add-up to
that of the intact avidin. The photoreaction requires the probe, an electron acceptor (lane 4,
no CoHA) and light (lane 3). No cleavage was observed when avidin was irradiated in the
absence of either the two reagents or light in the control lanes. Yields of photoproducts

increase steadily with irradiation time.

6- . - 9 kDa

5 kDa

Fig. 7 Site specific photocleavage of avidin by Py-biotin. Lane 1 contained molecular
weight markers as indicated (kDa). Lane 2 contained avidin (15 pM). Lanes 3-4 contained
avidin (15 uM) and Py-biotin (15 pM). Lanes 5-9 contained avidin (15 uM), Py-biotin (15
pM) and CoHA (1 mM). (Lanes 3, 5 were the dark controls while samples in lanes 4, 6-9

were exposed to 342 nm radiation for 20, 5, 10, 15 and 20 minutes, respectively.)

3.3.2 Photocleavage of streptavidin by Py-biotin
Irradiation of streptavidin (15 pM)/Py-biotin (15 pM) complex, in the
presence of CoHA (1 mM), at 342 nm did not result in cleavage of the protein backbone,

as demonstrated by SDS-PAGE (Fig. 8).
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Fig. 8 Site specific photocleavage of streptavidin by Py-biotin. Lanes 1-2 contained
molecular weight markers. Lane 3 contained streptavidin (15 pM). Lane 4 contained
streptavidin (15 uM) and CoHA (1 mM). Lanes 5-8 contained streptavidin (15 uM), Py-biotin
(15 uM) and CoHA (1 mM). (Lane 5 was the dark control while samples in lanes 4, 6-8

were exposed to 342 nm radiation for 20, 5, 10 and 20 minutes, respectively.)

3.3.3 Photocleavage of proteins by Py-Glc
Photocleavage of lysozyme
Irradiation of lysozyme (15 pM)/Py-Glc (15 uM) complex, in the presence of
CoHA (1 mM), at 349 nm resulted in cleavage of the protein backbone, as demonstrated by
SDS-PAGE (Fig. 9) Two new bands were observed with molecular weights of ~10 and ~4
kDa (lanes 6-7).

1 2 3 4 5 6 7
W o oamammamn  ——

— - - - - - Fragment 1
- -
-, 999 4mue - Fragment 2

Fig. 9 Site specific photocleavage of lysozyme by Py-Glc. Lane 1 contained molecular
weight markers as indicated (kDa). Lane 2 contained lysozyme (15 yM). Lane 3 contained
lysozyme (15 yM) and Py-Glc (15 yM). Lanes 4-7 contained lysozyme (15 uM), Py-Glc (15
pM) and CoHA (1 mM). (Lane 4 was the dark control while samples in lanes 3, 5-7 were

exposed to 349 nm radiation for 20, 5, 15 and 20 minutes, respectively.)
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Photocleavage of Ol-casein

Irradiation of Ql-casein (15 uM)/Py-Glc (15 pM) complex, in the presence of
CoHA (1 mM), at 349 nm did not result in cleavage of the protein backbone, as

demonstrated by SDS-PAGE (Fig. 10)

3 4 5 6 7 8
LB T—
— p— e —

1 2
-

- D —— i D

Fig. 10 Site specific photocleavage of Ol-casein by Py-Glc. Lane 1 contained molecular
weight markers as indicated (kDa). Lanes 2-5 contained Ol-casein (15 uM), Py-Glc (15 uM)
and CoHA (1 mM). Lane 6 contained (-casein (15 yM) and Py-Glc (15 pM). Lanes 7-8
contained Ol-casein (15 yM) and CoHA (1 mM). (Lanes 2 and 7 were the dark controls

while samples in lanes 3-5 were exposed to 349 nm radiation for 5, 10, and 20 minutes,

respectively. Samples in lanes 6 and 8 were exposed to 349 nm radiation for 20 minutes.)

Photocleavage of lectin
Irradiation of lectin (15 uM)/Py-Glc (15 pM) complex, in the presence of
CoHA (1 mM), at 349 nm did not result in cleavage of the protein backbone, as

demonstrated by SDS-PAGE (Fig. 11)

Fig. 11 Site specific photocleavage of lectin by Py-Glc. Lane 1 contained molecular

weight markers as indicated (kDa). Lane 2 contained lectin (15 pM). Lanes 3-10 contained
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lectin (15 uM), Py-Glc (15 yM) and CoHA (1 mM). (Lane 3 was the dark control while
samples in lanes 4-10 were exposed to 349 nm radiation for 5, 10, 15, 20, 30, 40 and 60

minutes, respectively.)

3.3.4 Photocleavage of pepsin by MoO(O,),(Ol-leucine) (H,0)

Pepsin was successfully cleaved by molybdenum complex, under activation by light,
at mild conditions (room temperature, pH 7.0). Irradiation of pepsin (15 uM) in the presence
of MoO(0O,),(0l-leucine) (H,O) (2.0 mM) at 320 nm and 340 nm for up to 30 minutes
resulted in cleavage of the protein as demonstrated in Fig. 12. The cleaved pepsin resulted
in at least three fragments (I, Il and lll) with the molecular weights of ~25, ~20 and ~12
kDa, respectively (lanes 4-8). However, irradiation of the protein-MoO(O,),(0Ol-leucine)
(H,O) mixture at 320 nm for 10-30 minutes gave faint bands of the cleaved fragments
(lanes 3-5, respectively), compared to the results obtained at 340 nm (lanes 6-8). No
cleavage was observed in the absence of the light (dark control, lane 2) and MoO(O,),(OL-

leucine) (H,O) (data not shown).

oo -

- e e — |

215 -

14.4-
Il

Fig. 12 SDS-PAGE of the photocleaved products of pepsin by MoO(O,),(0l-leucine)
(H,0). Lane 1 contained molecular weight markers as indicated (kDa). Lanes 2-8 contained
pepsin (15 yM) and MoO(0O,),(0l-leucine) (H,O) (2.0 mM). Lane 2 was the dark control.
Samples in lanes 3-5 were irradiated at 320 nm for 10, 20, and 30 min, respectively while

samples in lanes 6-8 were irradiated at 340 nm for 10, 20, and 30 min, respectively.
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The concentration of MoO(O,),(0Ol-leucine)(H,O) in pepsin cleavage study was

varied (0.125-2.0 mM). The results showed the increase of cleavage yield when increasing

MoO(0,),(0l-leucine)(H,0O) concentration, as shown in Fig. 13.

15.000

12.000

L 2

9.000 *

Hoveld o0 @

3.000

0.000

0.000 0.500 1.000 1.500 2.000 2.500

[MoO(O,),(Qt-leucine) (H,0)] (mM)

Fig. 13 Plot of %yield of the cleaved fragments vs [MoO(O,),(0Ol-leucine) (H,0)].

34 Amino acid sequencing and cleavage sites determination
3.4.1 Amino acid sequencing of avidin cleavage
To locate the cleavage site on avidin, the peptide fragments from the gels
were isolated and subjected to amino acid sequencing. The newly generated N-terminal
sequences of the cleaved fragments were successfully sequenced. N-terminal sequencing
of both fragments (~9 kDa and ~5 kDa) indicated the residues ARKCS, which is the known
N-terminal sequence of avidin [36-37]. However, a minor product with the N-terminal
sequence of VFTGQ, a sequence internal to avidin, was also observed with the ~5 kDa
fragment. From the known sequence of avidin, we deduce that the cleavage occurs
between Thr 77 and Val 78.
77 l 78
H,N-Ala-Arg-Lys-Cys.............. Arg-Thr — Val-Phe-Thr-Gly................. COOH

N-terminal fragment (~9 kDa) C-terminal fragment (~5 kDa)
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The crystal structure of avidin shows that this region is proximate to the biotin
binding site in the 3D structure of avidin [38]. The structure of the binding site residues is
highly complementary to that of biotin molecule, accounting for specific recognition. If the
biotinyl part of Py-biotin binds at the biotin binding site with the pyrenyl chromophore buried
at the hydrophobic cavity in the protein near the binding site, then the cleavage could result

in the observed region.

3.4.2 Amino acid sequencing of lysozyme cleavage
Since Py-Glc used in the reaction was not quite stable. Therefore, The

amino acid sequence of the cleaved fragments was not analyzed.

3.4.3 Amino acid sequencing of pepsin cleavage

To locate the cleavage sites on pepsin, the peptide fragments from the gels
were isolated and subjected to amino acid sequencing. N-terminal sequencing of fragment |
(~25 kDa) indicated the sequence IGDEP which corresponds to the known N-terminal
sequence of native pepsin [39-40]. N-terminal sequencing of fragment Il (~20 kDa) showed
an amino acid sequence YYAPF. The sequence of YYAPF indicated the cleavage site at
Leu 112 -Tyr 113. The protein band of fragment Il (~12 kDa) was very faint, and the
observed N-terminal sequencing data were not clear. This might be due to the insufficient
amount of the blotted protein for the sequence analysis, or the fragment may not be
amenable to sequencing. Therefore, we can conclude that three observed cleaved
fragments may arise from two cleavage sites, with a small amount of another fragment (~9

kDa) that is not distinguishable in the gels. However, only one cleavage site was clearly

|

H,N-lle-Gly-Asp-Glu-Pro.............. )OO ED C O S -COOH
~25.0 kDa (Fragment 1) ~9 kDa

concluded to be between Leu 112 -Tyr 113.

(112)  (113)

~12.0 kDa ~22.6 kDa (Fragment Il)
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From the data above, the cleavage between Leu 112 -Tyr 113 gives another
sequence (N-terminal sequence) with molecular weight of ~12 kDa, which could possibly be

the observed fragment Ill on the gels.

3.5 Inhibition study

3.5.1 Inhibition of avidin cleavage

In the inhibition study, d-biotin (60 uM) was mixed with the protein solution
for 15 minutes prior to addition of Py-biotin (15 yM) and CoHA (1 mM). The solutions were
then irradiated at 342 nm as described above. Irradiation of the above mixture solution at
342 nm resulted to the decrease of photocleavage yields (Fig. 14). The inhibition study is
consistent with the cleavage site obtained from the amino acid sequencing. d-Biotin may
occupy the biotin binding sites on avidin. Therefore, the specific binding site is not available

for the incoming Py-biotin.

[S9)
in

6.0-

Fig. 14 Inhibition of photocleavage of avidin by d-biotin. Lane 1 contained molecular
weight markers as indicated (kDa). Lanes 2-3 contained avidin (15 puM), Py-biotin (15 pM)
and CoHA (1 mM), exposed to 342 nm radiation for 15 and 10 minutes, respectively. Lane
4 contained avidin/biotin mixture (15 uM), Py-biotin (15 uM) and CoHA (1 mM), exposed to

342 nm radiation for 15 minutes.

3.5.2 Quenching of pepsin cleavage reaction by ethanol
Exposure of peptides to hydroxyl radical is known to effect backbone

cleavage. The participation of hydroxyl radical intermediate in the cleavage is tested in

quenching studies with ethanol. Ethanol (0.5 mM) was added to the pepsin/ MoO(O,),(OL-
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leucine) (H,O) mixture, and the mixture was irradiated at 340 nm for 20 minutes. The

cleavage of pepsin is quenched by ethanol, as shown in Fig. 15

1 2 3 4
36.5- - G <=
31 e
215
14.4-

6-

Fig. 15 Quenching of photocleavage of pepsin by ethanol. Lane 1 contained molecular
weight markers as indicated (kDa). Lanes 2-3 contained pepsin (15 yM) and MoO(O,),(0L-
leucine) (H,O) (2.0 mM). Lane 4 contained pepsin (15 pM), MoO(O,),(COl-leucine) (H,O)
(2.0 mM) and ethanol (0.5 mM). Lane 2 was the dark control, while samples in lanes 3-4

were irradiated at 340 nm for 20 min.

4. Conclusion

Absorption and fluorescence spectral data clearly indicate the binding of the pyrenyl
probe (Py-biotin) to avidin. Fluorescence quenching studies suggest that Py-biotin binding
site in avidin is buried in the protein matrix, away from the aqueous phase. Pyrenyl
chromophore linked to biotin can be delivered to the specific site on avidin. Upon
photoexcitation of pyrene, in the presence of an electron acceptor, the cleavage of avidin
can occur in the proximity to the biotin binding site. The formation of pyrenyl cation radical
resulted from quenching of pyrene excited state by CoHA is expected to play the important
role in the photoreaction. The cleavage efficiency of the probe correlates with the
accessibility of the protein-bound probe to CoHA. Thus, the accessibility of the pyrenyl
chromophore controls efficiency. To improve the accessibility of the protein-bound probe to
the quencher, conjugation of a quencher to the probe molecule could be a possible way to

enhance the cleavage efficiency in the future studies.

The data in the current studies clearly show that MoO(O,),(Cl-leucine) (H,O)
successfully cleaves pepsin at specific sites under photochemical conditions. The cleavage

can be achieved when the reaction mixture is irradiated for only 10 minutes. Cleavage
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specificity may occur due to specific binding of the metal complex to the selective sites on
the protein. From the above results, hydroxyl radicals may be responsible for the cleavage
of the protein, as indicated by the decrease of cleavage vyields in the presence of ethanol.
Hydroxyl radicals may be generated at or near the cleavage sites. However, the
mechanism for photocleavage of pepsin needs more investigation. Even though the yields
are small (<15%), but the photocleavage reaction has shown high selectivity. This study will
be useful for the footprinting of metal binding sites on specific proteins in the future.

In conclusions, the data in the current studies clearly show that the protein cleavage
site can be controlled by appending a desired ligand to a chromophore, thus paving the
way for a rational approach to target particular sites on proteins. Therefore, this will be
helpful in designing site-specific reagents for the photocleavage of proteins. In addition to

biochemical applications, such reagents may be of interest for therapeutic purposes.
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In this study, a new small-molecule-based reagent was designed to recognize and bind to specific site in
protein. A new pyrenyl probe, d-biotinyl-1(1-pyrene)methylamide (Py-biotin) was designed and synthe-
sized by coupling of d-biotin to 1(1-pyrene)methylamine hydrochloride. Binding studies and site-specific
photocleavage of avidin by Py-biotin were demonstrated. Binding of Py-biotin to avidin was studied
using absorbance and fluorescence spectroscopic techniques. Red shifts of the absorption peak positions
of the pyrenyl chromophore followed by hyperchromism were observed upon binding to avidin. The
photocleavage of avidin was achieved when a mixture of the protein, Py-biotin, and an electron acceptor,
cobalt(lll) hexammine trichloride { CoHA), was irradiated at 342 nm. No reaction occurred in the absence
of the probe, CoHA, or light. N-terminal sequencing of the peptide fragments indicated a cleavage site of
avidin between Thr 77 and Val 78. The high specificity of photocleavage may be valuable in targeting
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Biotin specific sites of proteins with small molecules.
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1. Introduction

Protein cleaving reagents (chemical proteases) have been of
recent interest in biological chemistry. Because of the extreme
stability of the peptide bond (half life of ~7 years at room temper-
ature, pH 7) [1], the development of such reagents is challenging.
Reagents that can specifically cleave the protein backbone can be
useful in chemistry and biology [2-6]. Such reagents can be used
to map ligand binding sites on proteins, DNA binding sites on
proteins, and to explore protein-protein interactions. Protein
sequencing studies, in addition, can utilize such reagents to
produce smaller fragments that are more amenable for peptide
sequencing. Successful design of new and efficient chemical
peptidases also improve our understanding of the molecular basis
for recognition of small molecules by proteins [7-11].

The design of such reagents should include, (1) appropriate
recognition elements for binding to the target site with high
affinity, and (2) chromophores which can be activated to produce
the desired cleavage chemistry with high selectivity. Photoclea-
vage of proteins by small, designed organic molecules is being
developed in our laboratories [ 12,13]. Photoreactive chromophores
linked to short peptides have been developed and protein photoc-
leavage at the probe binding site was achieved. The resulting pep-
tides are amenable to sequencing, an important feature for
biochemical applications of these reagents. BSA, for example, was

* Corresponding author. Tel.: +66 2 649 5000x8452; fax: +66 2 259 2097.
E-mail address: apinyac@swu.ac.th (A. Buranaprapuk).

1011-1344/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotobiol.2011.04.003

cleaved by N-[4(1-pyrene)butyroyl]-L-phenylalanine (Py-L-Phe)
between Leu 346 and Arg 347, while lysozyme was cleaved be-
tween Trp 108 and Val 109. In the study, pyrenyl chromophore
was selected in the modular design. The reason for choosing pyre-
nyl chromophore is due to its long-lived, high energy singlet ex-
cited state, which can be used to sensitize chemical reactions
|14]. Moreover, the pyrenyl chromophore has strong absorption
bands in the near-UV region, which are sensitive to the environ-
ment of the chromophore, and strong fluorescence bands in the
visible region, which are useful to monitor binding to proteins
[15,16].

Avidin is a tetrameric glycoprotein which binds biotin very
tightly [17,18]. The protein is composed of four identical subunits
with a molecular weight approximately 15 kDa per one subunit.
The biotin-avidin interaction is one of the strongest noncovalent
protein-ligand interactions found in nature [19]. The binding
constant for this interaction is very high (10" M~!) and this
feature prompted us to test avidin/biotin system for site-directed
protein cleavage at biotin binding site on avidin. A new probe,
d-biotinyl-1(1-pyrene)methylamide was synthesized by coupl-
ing d-biotin to 1(1-pyrene)methylamine hydrochloride using
NN'-dicyclohexyl carbodiimide (DCC) by suitable modification of
reported method (Scheme 1) [20]. Current experiments are
designed to test if Py-biotin would bind to avidin at the expected
site on the protein and photocleave avidin at biotin binding site.
Binding studies of Py-biotin to avidin was investigated by absorp-
tion and fluorescence spectroscopy.

The accessibility of the probe to the aqueous phase while bind-
ing to the protein can be estimated in fluorescence quenching
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Scheme 1. Structure of d-biotinyl-1(1-pyrene)methylamide (Py-biotin), synthe-
sized by coupling of d-biotin to 1(1-pyrene)methylamine hydrochloride.

studies. For the current studies, cobalt(lll) hexammine trichloride
(Co(NH3)sCls, CoHA) was used as the fluorescence quencher since
CoHA has only weak affinity for most proteins and CoHA is highly
soluble in aqueous media. Moreover, COHA quenches pyrenyl fluo-
rescence at diffusion controlled rate constants. In the previous
studies, CoHA has been used as an electron acceptor to induce
protein cleavage with pyrenyl probes [13]. Quenching of the
pyrenyl excited states by CoHA generates radical intermediates,
which are capable of cleaving the peptide backbone. Therefore,
the quenching constants with CoHA are expected to be useful
indicators for the success of the photocleavage studies.

2. Materials and methods

Avidin (Mol. Wt. =66,000) and d-biotin were purchased from
Sigma Chemical Co. 1(1-pyrene)methylamine hydrochloride and
N,N'-dicyclohexyl carbodiimide (DCC) were obtained from Aldrich.
All solutions were freshly prepared in deionized water with 50 mM
Tris-HCl buffer, pH 7.0.

2.1. Synthesis of Py-biotin

Py-biotin was synthesized by coupling 1(1-pyrene)methyl-
amine hydrochloride (50.0 mg) with d-biotin (50.0 mg) by using
N,N'-dicyclohexyl carbodiimide (0.10g), as described in the
previous report [20]. The product (Py-biotin) was characterized
by UV-VIS, fluorescence, '"H NMR and mass spectroscopy. 'H
NMR (400 MHz; dg-DMSO): 7.8-8.2 (9H), 5.0 (1H), 4.1 (1H), 3.8
(1H), 3.3 (2H), 2.5-2.6 (2H), 2.2 (2H), 1.1-1.7 (6H); MS data: m/z
456.4 (M").

2.2. Spectroscopic studies

The absorption spectra were recorded on a Shimadzu UV-2401
PC UV-VIS spectrophotometer. The fluorescence spectra were re-
corded on a Jasco FP-6200 spectrofluorometer. In fluorescence
titration experiments, the pyrenyl probe was excited at 342 nm.
The fluorescence intensity was monitored at 376 nm, as a function
of protein concentration. In fluorescence quenching experiments,
the probe-protein mixtures were titrated with CoHA and the fluo-
rescence intensities have been monitored at 376 nm (excitation at
342 nm).

2.3. Photochemical protein cleavage

The protein photocleavage was carried out in the dark room at
room temperature. The protein solution (15pM), containing
Py-biotin (15 M) and CoHA (1 mM) in 50 mM Tris-HC! buffer,
pH 7.0 (total volume 200 pL), was irradiated at 342 nm using a

150 W xenon lamp. A UV cutoff filter (WG-345; 78%T at 342 nm)
was used to remove stray UV light. Dark control samples were pre-
pared under the same conditions, as described above, except that
the solutions were protected from light. All reaction mixtures were
dried under reduced pressure.

In the inhibition study, the photoreactions were performed as
above but d-biotin (60 M) was mixed with the protein solution
for 15min prior to addition of Py-biotin (15 pM) and CoHA
(1 mM). The solutions were then irradiated at 342 nm as described
above.

2.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE Experiments were performed following literature
methods with minor modifications [21]. The dried sample residue
was redissolved in sample loading buffer (glycerol (1.2 ml), sodium
dodecyl sulfate (7%, w/v), Tris—HCl (50 mM, pH 6.8), bromophenol
blue (0.01%, w/v) and 2-mercaptoethanol (2%, v/v)). Protein sam-
ples in loading buffer were heated for 3 min before loading onto
the gel. The gels (10%) were run by applying 60V until the dye
passed through the stacking gel. The voltage was then increased
to 110V, as described in the previous report [22]. The gels were
run for 1.5 h, stained with Coomassie brilliant blue, and destained
in acetic acid solution (10%).

2.5. Peptide transfer and amino acid sequencing

The separated peptide fragments on SDS-polyacrylamide gel
were transferred to PVDF membrane with a current of 60 mA for
1.5 h using the semi-dry system (BIORAD) with CAPS buffer, pH
10.5. The transferred protein fragments on PYDF membrane were
stained with Coomassie brilliant blue (0.1% Coomassie brilliant
blue R-250 in 40% methanol and 1% acetic acid). The desired bands
were cut and sent for N-terminal amino acid composition analysis
(Midwest Analytical, Inc., MO, USA). Chemical sequencing was per-
formed on an automated protein sequencer. Five cycles were per-
formed to identify the N-terminus of the cleaved fragments.

3. Results and discussion
3.1. Binding studies using spectroscopic techniques

Binding of Py-biotin to avidin was investigated by spectro-
scopic techniques. Addition of avidin solution (0-1.5 pM) to a solu-
tion of Py-biotin (4.2 uM) resulted in red shifts of the absorption
peak positions of the pyrenyl chromophore with an isosbestic
point at 342.5 nm followed by hyperchromism (Fig. 1). The data

0.25
—— Py-biotin
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8 / | Py-biotin + avidin (1.5 uM)
8 0151 Iy
o
2
g 01
0
<
0.05
0 T T T T
300 320 340 360 380 400

Wavelength (nm)

Fig. 1. Absorption spectra of Py-biotin (4.2 pM) (1 cm path length) with increasing
concentrations of avidin (0-1.5 pM). The initial decrease in the absorbance with the
red shift (342-345 nm) of the peak positions and the isosbestic point at 342.5 nm
are evident in the spectra.
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indicate a multimodal binding with several binding states, which is
consistent with the fact that there are at least four distinct sites,
where biotin is known to bind. Therefore, multiple binding events
are being resolved to some degree, in the spectra. The red shifts in
the absorption spectra with increase in protein concentration fol-
lowed by hyperchromism clearly indicate that the pyrenyl chro-
mophore sensing environmental changes upon binding to the
protein.

Binding of Py-biotin to avidin was also confirmed by fluores-
cence studies. The fluorescence of Py-biotin (2.0 pM) was en-
hanced by the gradual addition of avidin (0-10 uM, excitation at
342 nm) (data not shown). These observations indicate that the
pyrenyl chromophore is interacting with the protein matrix to
form protein/Py-biotin complex. No shifts in peak positions and
no new bands of pyrene excimer emission were observed. En-
hanced fluorescence intensities of Py-biotin upon binding to avidin
can be expected. These results may be due to the protection of the
probe from solvent, oxygen, and other quenchers [15]. These as-
pects are further examined in fluorescence quenching experiments
which will provide more information of the probe accessibility to
CoHA in aqueous solution.

The accessibility of the pyrenyl chromophore of Py-biotin to the
solvent was probed in the fluorescence quenching studies, with
CoHA. The emission from the avidin-bound Py-biotin was
quenched marginally by the addition of CoHA while in the absense
of the protein, the probe emission has been quenched very strongly
(Fig. 2). Quenching constant (K, ) was obtained from Stern-Volmer
equation [23]:

Io/I' =1+ K, [CoHA] (1)

where I is the fluorescence intensity in the absence of the quench-
er, and [ is the intensity in the presence of the quencher. The plot of
Ip/I as a function of CoHA concentration (Eq. (1)) gives the K, value.
Analysis of the data by the Stern-Volmer equation indicated that K,
value of 1400 M~" (no protein) decreased dramatically when Py-
biotin was bound to avidin (10 uM) with the quenching slope re-
duced to ~170 M~ (Fig. 3). Fluorescence quenching data, therefore,
indicates the protection of Py-biotin fluorescence by the protein
matrix.

3.2. Photocleavage of avidin
Avidin was successfully cleaved by Py-biotin. The protein

photocleavage was monitored in gel electrophoresis experiments
under denaturing conditions. Irradiation of avidin (15 pM)/Py-bio-
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Fig. 2. Fluorescence spectra of Py-biotin (2 uM) with increasing concentrations of
CoHA (0-1.0 mM). Excitation wavelength is 342 nm.
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Fig. 3. Quenching plots of the Py-biotin (2 uM) by CoHA, in buffer (closed circles),
and in the presence of avidin (10 uM, squares).

tin (15 uM) complex, in the presence of CoHA (1 mM), at 342 nm
resulted in efficient cleavage of the protein backbone at specific
site, as demonstrated by SDS-PAGE (Fig. 4). Two new bands were
observed with molecular weights of ~9 and ~5 kDa (lanes 4-7)
and the sum of the molecular masses of the fragments roughly
add-up to that of the intact avidin. The photoreaction requires
the probe (lane 9, no Py-biotin), an electron acceptor (lane 8, no
CoHA) and light (lane 3). No cleavage was observed when avidin
was irradiated in the absence of either the two reagents or light
in the control lanes. Yields of photoproducts increase steadily with
irradiation time. However, the second product band (~5 kDa) in
lanes 4 and 5 is too faint to see in Fig. 4. Photocleavage yield of avi-
din increases with irradiation time and becomes saturated at
30 min. Irradiations for longer than 30 min did not increase the
product yields.

To locate the cleavage site on avidin, the peptide fragments
from the gels were isolated and subjected to amino acid sequenc-
ing. The newly generated N-terminal sequences of the cleaved frag-
ments were successfully sequenced. N-terminal sequencing of both
fragments (~9 kDa and ~5 kDa) indicated the residues ARKCS,
which is the known N-terminal sequence of avidin [24]. However,
a minor product with the N-terminal sequence of VFTGQ, a
sequence internal to avidin, was also observed with the ~5 kDa
fragment. From the known sequence of avidin [25], we deduce that
the cleavage occurs between Thr 77 and Val 78 (Scheme 2). The
crystal structure of avidin shows that this region is proximate to
the biotin binding site in the 3D structure of avidin (see Supple-
mentary Information) [26]. The structure of the binding site
residues is highly complementary to that of biotin molecule,
accounting for specific recognition. If the biotinyl part of Py-biotin
binds at the biotin binding site with the pyrenyl chromophore

| 2 3 4 5 6 7 8 9
21.5-
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6.0- & 9.57
TS

35- 18

Fig. 4. Site specific photocleavage of avidin by Py-biotin. Lane 1 contained
molecular weight markers as indicated (kDa). Lane 2 contained avidin (15 uM).
Lanes 3-7 contained avidin (15 uM), Py-biotin (15 pM) and CoHA (1 mM). (Lane 3
was the dark control while samples in lanes 4-7 were exposed to 342 nm radiation
for 5, 10, 15 and 30 min, respectively.). Lane 8 contained avidin (15 pM) and Py-
biotin (15 puM). Lane 9 contained avidin (15 pM) and CoHA (1 mM). Samples in
lanes 8-9 were exposed to 342 nm radiation for 30 min.
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Fig. 5. Inhibition of photocleavage of avidin by d-biotin. Lane 1 contained
molecular weight markers as indicated (kDa). Lanes 2-3 contained avidin
(15 pM), Py-biotin (15 pM) and CoHA (1 mM), exposed to 342 nm radiation for
15 and 10min, respectively. Lane 4 contained avidin/biotin mixture (15 pM/
60 uM), Py-biotin (15 pM) and CoHA (1 mM), exposed to 342nm radiation for
15 min.

!

HN-AlaArgLysCysSer......ArgThr(77) = Val(78)Phe ThrGlyGln.......COOH

N-terminal fragment C-terminal fragment (5 kDa)

Scheme 2. Major cleavage site of avidin between Thr 77-Val 78 aobserved with the
N-terminal sequence of VFTGQ (5 kDa fragment).

buried at the hydrophobic cavity in the protein near the binding
site, then the cleavage could result in the observed region.

From the above results, the pyrenyl chromophore or its singlet
excited state (S') do not cleave the protein, as indicated by no
photocleaved fragments in lane 8 (Fig. 4). The photoproducts can
be obtained only when Py-biotin/avidin complex was irradiated
in the presence of an electron acceptor, such as CoHA. The mecha-
nism for cleavage of avidin by Py-biotin is expected to be similar to
that reported for other pyrenyl probes [22]. The pyrenyl cation rad-
ical derived from electron transfer from pyrene singlet excited
state to CoHA may be responsible for protein cleavage, as verified
in flash photolysis studies, leading to the loss of photocleavage
yields.

3.3. Inhibition study of photocleavage of avidin

In the inhibition study, a solution of d-biotin (60 tM) was
mixed with avidin (15 pM) for 15 min prior to addition of Py-bio-
tin (15 pM) and CoHA (1 mM) to the avidin/biotin mixture. Inter-
estingly, irradiation of the above mixture solution at 342 nm
resulted to the decrease of photocleavage yields (Fig. 5). The inhi-
bition study is consistent with the cleavage site obtained from the
amino acid sequencing. d-Biotin may occupy the biotin binding
sites on avidin. Therefore, the specific binding site is not available
for the incoming Py-biotin.

4. Conclusion

Absorption and fluorescence spectral data clearly indicate the
binding of the pyrenyl probe to avidin. The absorption spectra
are red shifted when Py-biotin binds to avidin. Fluorescence
quenching studies suggest that Py-biotin binding site in avidin is
buried in the protein matrix, away from the aqueous phase. Pyre-
nyl chromophore linked to biotin can be delivered to the specific
site on avidin. Upon photoexcitation of pyrene, in the presence of
an electron acceptor, the cleavage of avidin can occur in the prox-
imity to the biotin binding site. The formation of pyrenyl cation
radical resulted from quenching of pyrene excited state by CoHA
is expected to play the important role in the photoreaction as

reported previously [13]. The cleavage efficiency of the probe cor-
relates with the accessibility of the protein-bound probe to CoHA.
Thus, the accessibility of the pyrenyl chromophore controls effi-
ciency. To improve the accessibility of the protein-bound probe
to the quencher, conjugation of a quencher to the probe molecule
could be a possible way to enhance the cleavage efficiency in the
future studies.

In conclusions, the data in the current studies clearly show that
the protein cleavage site can be controlled by appending a desired
ligand to the pyrenyl chromophore, thus paving the way for a ra-
tional approach to target particular sites on proteins. Therefore,
this will be helpful in designing site-specific reagents for the
photocleavage of proteins. In addition to biochemical applications,
such reagents may be of interest for therapeutic purposes.
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