Methods for Site-selective Protein Modification

in post-genome era...
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1. Site-specific Modification of Artificial Protein
1.1 Unnatural amino acid containing protein

unnatural amino acid
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"Expanding the Genetic Code"

Wang, L.; Schultz, P. G. Angew. Chem., Int. Ed. 2005, 44, 34.

mild condition (temp=rt, pH=neutral)
H;0, salt compatible
functional group specific (OH, NH,, SH etc.)

review: Antos, J M.; Francis, M..J. Curr. Opin. Chem. Biol. 2006, 10, 253.
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Regioselective Carbon-Carbon Bond Formation
in Proteins with Palladium Catalysis; New

Protein Chemistry by Organometallic Chemistry ' byr;gg;ct H
Koichiro Kodama,” “ Seketsu Fukuzawa,*"' Hiroshi Nakayan‘m
Takanori Klgawa, ! Kensaku Sakamoto,™ ¢ Takashi Yabuk; R R
Natsuko Matsuda,'© M[lktakn Shlrnuzu,“ Koji Takio,"! Kazuo Tachibana,*™ and
Shigeyuki Yokoyama ChemBioChem 2008, 7, 134 -
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Site-Specific Functionalization of Proteins by
Organopalladium Reactions**

Koichiro Kodama,™ ¥ 9 Seketsu Fukuzawa,”™ Hiroshi Nal-:ayama i
Kensaku Sakamoto' “ Takanori Kigawa, Takashi Yabuki, Natsuko Matsuda,*

Mikako Shirouzu, ' Koji Takio,? Shigeyuki Yokoyama,” #. el gnd
Kazuo Tachibana®

ChemBioChem 2007, 8, 232. 0
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Pd(OAC),, CuOT /
12% DMSDirH O buffer TM(biotinylated): y. 25%
6 °C, 80 min byproduct(Ar-H): y. 13%
and SM recovery
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iF-R tei sodium ascorbate, TAPS-NaOH (pH=8.3)
PO Tris-HCI (pH=7.9). NaCl, Mg(OAC),
Triton-X, Im-HCI
azide Chemistry —----- - rm- e S OTTDT  WRCA L —
Staudinger Reaction
Incorporation of azides into recombinant proteins
for chemoselective modification by the
Staudinger ligation
Kristl L. Klick**, Eliana Saxen*’, David A. Tirrell™, and Caralyn R. Bertozzi™
PNAS | January 8, 2002 | vol. 92 | no.1 | 19-24 a
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Scheme 1. The Staudinger ligation between a protein containing azide
functionalized amino acid side chains and a phosphine reagent.

crude cell lysate

ESERRRm st st SRS saR bR e e Lané 1: mDHFR-3+ Z‘iD‘RM L I Lane 3: mDHFR-Met + 250 uM9
Lane 2: mDHFR-3 + buffer

Scheme 2, Synthesis of triarylphosphine-FLAG conjugate 9.

Lane 4: mDHFR-Met + buffer

Fig. 6. Weslcﬂ_\ blot analysis of the products of Staudinger ligation, (@) Purified protein {mDHFR-3 or mDHFR-Met) was used in the ligation, and the blot was
labeled with anti- FLAG M2 mAb followed by HRP-rat anti-mouse 1gG1. (b) Similar to a but labaled with India HisProbe-HRP. {¢) Crude cell lysate (containing either
MBDHFR3 or MDHFR-Met) was used in the ligation, and the blot was labeled with anti-FLAG M2 mAb followed by HRP-rat anti-mouse 19G1. {<f) Similar to ¢ but



Cu(l)-catalyzed (3+2) cycloaddition

Fokin, V. V.; Sharpless, K. B. et al. Angew. Chem., Int, Ed. 2002, 41, 2596.
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Selective Dye-Labeling of Newly Synthesized Proteins in Bacterial Cells
Kimberly E. Beatty,! Fang Xie," Qian Wamg,‘ and David A. Tirrell*!
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Eth: ethynylphenylalanine f \
N \
Met — Hpg NN conditions
recombinant protein (barstar) | ‘N.\_ph CuBr, ligand, PBS buffer(pH=7.9), 4C, 15hr
was prepared. RS T e - or
Phe —— Eth \ /; CuSO0;, ligand, TCEP, PBS buffer(pH=7.9), 4C. 15hr
ligand TCEP = tris(carboxyethyl)phosphine
0]
...its function is to inhibit the
ribonuclease activity of its P OH /4

binding partner barnase...

Cell Surface Labeling of Escherichia coli via Copper(l)-Catalyzed [3+2]

Cycloaddition
A. James Link and David A. Tirrell®
J. AM. CHEM. SOC. 2003, 125 1116411165

Scheme 1. Structure of Azidochomoalanine 1 and Biotin-PEC
Propargylamide 2; Biotinylation Reaction of Whole E. coli via [3+2]
Cu-Mediated Azide-Alkyne Cycloaddition
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Similar strategy mentioned above, but azide was incorporated into
outer membrane protein C (OmpC) of E. Coli.
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1.2 Tag-Fused Protein

Non-enzymatic Covalent Protein Labeling Using a Reactive Tag
Hiroshi Nonaka, Shinya Tsukiji,' Akio Ojida,!+ and ltaru Hamachi*

cparanent of Syuthetic Chenpstin and Bivlogical Chemisiry, Groduate School of Engineering. Kvoto niversin.
e Campres, Nishikvo-ku, Kvoio, 615-5510, Japan, aad PRESTO (Life Phenomena wid Measurement Aralysis,

JSD, Sunbancho, Chivodakn, Tokve, 232-0042, Japun
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Figure 3. Covalent labeling of the CA6D4-tagged EGFP with 2-2Zn(11).
() MALDI-TOF mass analysis of the labeling reaction. Reaction condi-
tions: 20 aM 2-27n(11), 5 «M CAGD4-EGFP in 50 mM HEPES, 100 mM
NaCl, 1 mM DTT, pH 7.2, 20 °C. (The asterisk () is the peak of CAGD4-
EGEP -+ matrix) (b) SDS-PAGE analysis of the labeling reaction using
Coomassie stainng (upper) and in-gel fluorescence visualization (lower).
L he analysis was performed after Huisgen reaction with coumarin azide 4,
Experimental details of the Huisgen reaction are described in Supporting
Information.

Figure 2. (a) Time trace of the labeling reaction of 1-2Zn(I1) with CAGD4
(@), CA2D4 (M), and SASD4 peptide (A). (b) Sunmary of the mitial rate
(0. M nin™1) of the labeling reaction of 1-2Zn{I) with the CAnD4 peptide
(== 0, 2. 4. 6, 8): 6(PP1) means the reaction with the CA6D4 peptide in
the presence of 3 mM of pyrophosphate (PPL. Reaction conditions: 20
#M 1-2Zn{I1), 10 uM rag peptide in 50 mM HEPES, 100 mM NaCl, pH

7.2, 208C,

PPi=pyrophosphate; strong binder for Zn(l1)-DpaTyr

azide+alkyne (coupling with coumarine-containing azide 4)

coomassie staining (detection of protein)

fluorescence visialization (detection of coumarine)




2. Site-specific Modification of "natural" Protein
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@ Photoaffinity Labeling
review: Angewandte Chemie., Int. Ed. Engl 1995, 34, 1296

+ - hv
+ O azides Ar—N=N=N —= Ar—N: nitrenes
=Nz (singlet or triplet)

receptor radioactive lipand R" - R!

diazo + :
l reversible compounds N=N (ADR ’ ( Icalrltaenets‘ let)
: r singlet or triple
binding (Ar)R g p
2 2 + - A4
diazonium . nNoN oy o Ar carbocations
<> salts
R\ N R
| diazirines ><|| e : carbenes
lotoaffini inglet or triplet
hv !pabeling o (Ar)R N (APR (sing iplet)
i Scheme 1. Typical compounds used as precursors of reactve species in photoalfin-
SDS gel ity labeling. | |

identification nr_ reactive species
radiolabeled subunits ~——__, Usually photoaffinity label @

electrophoresis
s
&>

1 proteolysis

was used by this stage.

C-H insertion, radical reaction

Sananans rearrangement
Fava ¥ Vo
I HPLC
u purification identification of
IR TR 7 2 radiolabeled peptides
sequencing Only a few example led to the identification of the amino acid
residues labeled by the photosenseitve probes.
~ ~ analysis identification of (due to non-specific binding?)

—_—
~ ~

= [:'j
Fig. 1. Photouflinity labeling: principle and successive steps for the identification of
amino acids.

radiolabeled amino acids

non specific binding

GHerCHed By o |:> low yield, although useful method (

dpm A, Photoaffinity Labeling by PH]JPPDA One way for the site selective modification of protein is
12007

] ] I I 1 To target less common residue in the presence of
10007 & PMA(-) abundant residue (Lys, Cys etc.)
50 ¥l o pMa(+)

Transition metal catalyzed reaction

600+ Rh carbenoid (Trp)
400 ] reductive amination (Lys)

1 lﬂ mannnich-type reaction (Tyr)
200 Tsuji-Trost reaction (Tyr)

e :G oxidative cross-linking (Tyr)
[’HIPPDA (phorbol 12-pyrenebutyrate 13-diazoncetute)
Yield of PKC cross-linking was 1.1 %. S R ST L B R T

Shibasaki, M. et al. BMC 1998, 6, 1117. . ) O L



Modification of Trp

Selective Tryptophan Modification with Rhodium Carbenoids in Aqueous

Solution

John M Antos and Matthew B. Francis*

J. AM. CHEM. SOC. 2004, 726 10256

Depactment of Chemivtry Unicersity of Cedifornia. Beckefey, Califormg 94720-1460, and

Meitern:

y  COR
Tryptophan N R
N M] [M] Residues |
p e .
R”OCOR COR ! H
1 2 N }I‘
)

orelimilary study using 3-methylindole

I Science Divion, Laweence Berkelev Nanonal Labs, Berkelev, California 94720

CO;R' . ;
2 in aqueous media

R
\g possibility of O-H insertion ?
|

protein sequence :
H many nucleophilic group (amine, thiol, OH) exist

CH 5mMRh,(CAC), O CHg
Ny 3 ‘OSmM H{OAC), 9 COR oH —
75 mM HONH,+HCI A N \ .0
P O\/\}OM + b - + + = OR + w
e Ph Ph
LS X REFO \ Ny
4 H 20% Ethylengglycol /\)\ H o OR
340 mM 410 mM RT 17h Ph™ ™" “CO.R Ph
! 5 6 7 8
4 eq 1 eq R = (CH20H20)3CH3
. ) pyrazole
. A 1 : 1.4 O-H insertion without carbenoid
High reactivity was observed even in the presence of H,0. 51% combined yield
}-BN_E‘E f*_?lf’fi“i“"a”y enhanced the reactlwty of C.?E?lf.st HONH; increase electron density?
drawback " o R
, i /?@ R Rh—Rh—{_~
Ethylene glycol was necessary to increase solubility. TN Rh—Rh ) % Ph
i N
N-alkylated and 2-alkylated products was obtained. \—ﬁ 74 N
; J F h
Reaction media of pH is low (pH=~3.5) P
R
applicaiton to protein modification ©ﬁ§/
N
azide 100 eq. “H Ph
1eq.
10 md 3
100 UMRh (OAC), Tryptophan
> Modification
75 midt HONH #HCI Product
B0% H.0 roducts
20% Ethylene glycol ESI-MS analysis
ThatR
; ART b After reaction with Rh catalyst C Without Rh catalyst
Myoglobin (100 pM) 16960 17264 16960
(+1 mod) (+0 mod)
= =
@ &
5 §
~60% conversion was observed by ESI-MS. & €
16000 17000 18000 18000 16000 17000 18000 19000
Mass (miz) Mass (nvz)
d MS/MS analysis of doubfy modlfed protem
yions 5O F P L0 P O e o o o 5
[ > ..:' e
‘ reaction mixture
H,N-GJ L NJV]W)GJ K~COH |
N S Uﬂ L ™y " 1 " " 4 2L n
& f‘ 3 0§" ;)9“} \,\é _\4\3 ¥ Al b jons digested with tripsin
Ld o
+
H: F’arent ion {mf}.’): 1215
modification site was
CO:R confirmed by MS/MS analysis.

#3965

Intensity

Trp selective !!
AMARRARRRARRRRARRRAAS

o -, H
@ =5, c:‘."" n ; Where the selectivity comes from?
& o AT o PR o .
B ;g_‘ B8 AR bl Hydrophobic interacion between
fi- Soytae g ~, """E aromatic carbenoid intermediate

Mass (mvz)

and indole ring might facilitate the rxn...



Modification of Lys (-NH,)
pH-Dependent Chemoselective Synthesis of a-Amino Acids. Reductive Arg._NH,
Amination of «-Keto Acids with Ammonia Catalyzed by Acid-Stable Iridium reductive amination
Hydride Complexes in Water & Arg _N.__R
Seiji Ogo,” Keiji Uehara, Tsutomu Abura, and Shunichi Fukuzumi* J,L
JACS 2004, 126, 3020, R™ H
target reaction
0 Ir-H,0 complex (5 mol%) NH, OH
o H,O | o generation of Ir-H (B)
at 80 °C, 15 min Alamne reduction /
5o reduction /
ol 100
Water-stable Ir compex was reported.
.,.12+ + ]
9 -
N HCO, (4%
s N /N N : G ! i
I SO, AT» If S0,2 o) z
o NP TV i =
2 | CO, | i
xe XN
A B 20

N, . N
- j':
X i / acid-catalyzed
A nucieophilic
—= N T altack
~ " i
o «-kelo acid
transier y lf,n———r- reductive
hydrogenation amination |
/ \.'\ k’ H
¥ T {M-* H, ] - e
H O s w-imino acid
N
8 #H N
& oo N
et
arhydroxy TO0
carboxylic acid ; ;
~amino acid
P U, d
AL
{ N\
T T T 1 e

pH
pH dependency

in pH>5 reductive amination is dominant
compared with reduciton.

drawback:
elevated temperature is necessary (80 “C)
only works well at slightly acidic condition (pH 5.0-6.5)

for the application to protein modification

rt, neutral buffered condion

Reductive Alkylation of Proteins Using Iridium Catalyzed Transfer
Hydrogenation

JACS 2005, 127, 13490

Jesse M. McFarland and Matthew B. Francis*

Modification of the bipuridine ligand was the key.

i -* a 20 uM b
= X & X P— b P s 25 mM HCO Na G st E—;
3 50 mM K3HPO, buffer et
/N\ I HCOy /N-.. i 3a (10 pM ) da (1 mM) o Vg
Ir’ S0,% %- Ir $0,? 14428 14309 (+0}
o S ) N2 4 b (+1)] 14847 (+2) c
I = | 14665 (+3)
x o ‘
1a: X=H - X 14300 without catalyst
A 2a:X=H (+o;! ;
1b: X = OMe 2b- X = OMe }4 81 (+4)
Te: X = COEt 2¢: X = CO4EL 13600 14500 15400 13500 14500 15400
miz miz

Only in the case of 2b (X=H, CO,Et), rxn can proceed at rt.

Figure 1. Moditication of lysozyme using reductive alkylation. Under the
reaction conditions summarized in (a), a distribution of alkylated products
results (b). (¢) Control experiments lacking catalyst vielded no reaction
products. Spectra shown are reconstructed from charge ladders obtained
using ESI-MS analysis.

Site selectivity was confirmed using model substrate
(peptide containing Lys).



Vlodification of Tyr
A Three-Component Mannich-Type Reaction for Selective Tyrosine

Bioconjugation JACS 2004, 126, 15942.
Neel S. Joshi, Leanna R. Whitaker, and Matthew B. Francis*

a HyhN
+ +
# W Ha N “en \@
RT1037°C ymatr en A
Tyrosine Chymatrypsinegen i »«JL'H
Residues 25 mM 25 mM 1a-e
(20-200 pi) 20 uM 25 mM
slightly acidic condition is necessary 7 b 25665 {+0 mod) 25665
| !dFODhODIC effect ? 126408 (+ 1 mod) (unmodified)

intensi

i e NHAF | AT) P I AL;.J bk l
/—<f_\>—o 24000 26000 28000 24000 26000 28000
% Mass (m/z) Mass (m/z)

Tyrosme-Selectave Protein Alkylation Using 7-Allylpalladium Complexes
S. David Tilley and Matthew B. Francis® J. AM. CHEM. SOC. 2006, 128, 1080-1081

40 uM PA{QAC); X ;
,‘(H‘—\\//A\/OAC g atisad - ‘("'}:v’—l\‘\ s ?\m
4 0.48 mM TPPTS LyPd* 4
111 mM} pH 8 5.9 buffer 2 3
Tyrosine Resithues
15-200 uM protein)

s
4 4 Protein

Oxidative Protein Cross-linking ----------------------moooooo oo oo

Chemistry for the analysis of protein—protein interactions: Rapid
and efficient cross-linking triggered by long wavelength light

)
1avin AL Faney anp Taonas Kopapes? PNAS 1999, 96, 6020. (APS) O3S O O—‘SO3

et
light |

Ru(Il)bpy;™* —

S 5

Ru(I1y*
work as an oxidant L excited state

-

Ru(m)bpy; v B0+ S0y

3 sl Moo and Hiochomstry, Cenier for Binredical Inventions, University of Texas Southwestern Medical Conter, 5323 Harey Hines
kas, I'N 75233-8573

Ix’.u(ll)bp_v,z* =

proposed reaction mechanism SO,
CH  Ruim © o] OH f OH OH OH
P ! b |
A : _H Nearby ,J’\/ H L A PN ;
ﬁ Sy opt /\’ Tyr Tautomerization ]»/ g L e 4
i . - | j Z ! J T J ﬁ J [ |
T LRully N - m ‘\/ Sy Xy
Protein 1 "Protein 1 Protein 1 “Protein 1 \F'rctein 2 Protein 1 “Protein 2
Tyrosine radical Protein 2
intermediate
other combination of trandition metal complex ard oxidant is possible
—-00R
HaN N
. oo\ T (a)
Nit2eGGH /Nl*i’ ——p
N
/=N N (@]
i HN
= Pd-porphiline ==
Re @—SOSH COOH
phptochemical activation: chemical activation:
visible light irradiation and magnesium monoperoxyphthalate

ammonium persulfate (APS) (MMPP) or oxone(KHSQ,)



Crosslinking Photosensitized by a Ruthenium N :
Chelate as a Tool for Labeling and Topographical . BPGULHRsYMIIT ‘
Studies of G-Protein-Coupled Receptors . 9-amino acid peptide chain

(Arg - Pro - Pro - Gly - Phe - Ser - Pro - Phe - Arg)

Isabelle Duroux-Richard,'? Philippe Vassault,"" ¥ ¥ : 3
involved in the mechanism of pain

Guy Subra,' Jean-Frangois Guichou,' Eric Richard.' 3 .
Bernard Mouillac,? Claude Barberis 2 Jacky Marie,' Chemistry & Biology, Vol. 12. 15-24. January. 2005

and Jean-Claude Bonnafous'* ! kininogen —— . bradykinin

target: human B2 bradykinin receptor (GPCR) expressed on COS-7 cell surface kallikrein
Receptor Ligand name Peptide sequence
Bz Lq ["BIHPP-HOE 140 a[% (CH,), -CO-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-0- Tice-Oic-Arg = BK antagonist
158
L, ['*Tyr-BK Tyt(1#31)-Arg-Pro-Pro-Gly-Phe-Ser-Pra-Phe-Arg
25111 0 r Are-Pro-Pro-Glv-Phe-SerPro 12514 )
Ly [™511y-BK 1g-Pro-Pro-Gly-Phe-Ser-Pro-Tyr(131)-Arg -~ BK agonist
L, 30Lystryr)-BK Lys-.-irg»f'ro‘l’ro-(}Ey-l’he-Sor‘Pro-Tyrﬂ?sgf-:\rg
Ly [B1Ty:0-HOE Tyr(150 -0-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-n-Tic-Oic-Arg
140 pEms sy
L, IHGGHY-HOE 130 y-Gly-His-Tyr(151) - - A rg-Arg-Pro-Hyp-Gly-Thi-Ser-n-Tic-Oic-Arg
Ly ['51Bio-Tyd-HOF 14 : Biotinesulfune -6- A Tyr(51) -0- Arg-Arg-Pro-Hyp-Gly-Thi-Ser-n-Tic-Oic-Arg,
\ [ functionalized ligand
A __Antagonist cross-linking a: before irradiation
b: without Ru catalyst
c: without APS oxidant
[135[THPP-HOE 140 (LI) d: irradiate for 3 sec
e: iradiate for 10 sec } labeled product was obtained
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Chemical mechanism is not fully understand. And thus, receptor linking site is not well-determined.
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Potential Applications of Oxidative Cross-linking to GPCR Structual and Signalling Mechanism Studies
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Site-selective Modification of Protein Would Open Up a New Field in Pharmaceutical Science
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