Problem Session
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Hiroaki Itoh

1-1. Please explain the reaction mechanisms and provide the structures of compounds A and B.
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1-2.  Green fluorescent protein (GFP) or protein 1 (GFP treated with compound A, see below) was
added to mammalian cells. After the incubation at 37 °C, GFP-derived intracellular fluorescence
was observed only from the cells incubated with protein 1. Please explain the reason based on
the possible reactions of compound A with GFP.

compound A
10 mM pH 6.5 bis-Tris buffer/
MeCN (4/1)
GFP 37°C protein 1

2. Protein 2 possesses L-photo-methionine (2-1) residues instead of several L-methionine residues.
After UV irradiation (320-400 nm), the protein was digested by trypsin/Asp-N. The resultant peptides
were subjected to LC-MS/MS analysis.

Peptide B (m/z 1271.274 [M+3H]**) was detected in the LC-MS, which indicated the crosslinking
between peptide B1 (VPDNEEATQYVEAXFR, “X” indicates photo-methionine) and peptide B:
(MLQMDLNPSSWISQQR). In the MS/MS analysis of peptide B by collision-induced dissociation
(CID), product ions m/z 1934 and m/z 1879 (monovalent) were observed. Please predict the residue
that involves with the reaction in peptide B2, and explain the possible mechanisms of the reaction and

the fragmentation by CID.

HO 0] 1. UV irradiation
2. trypsin/Asp-N CID
protein B peptide B ——— m/z 1934, 1879, ...
NH; (monovalent)
N=N miz1271.3
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L-photo-methionine (2-1)

Al



Diazo/diazirine compounds for protein modification
1. Background
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Figure 1. Generation of diazo compounds from acyl triazene and diazirine.

+ Generation of diazo compounds from acyl triazene species and its application for modifying the
membrane permeability of proteins have been reported by Raines group.2:34

* In the context of photoaffinity labeling (PAL), generation of diazo compounds from diazirines had been
recognized as undesired pathway because of the reactivity in the dark and longer solution life-time (larger
labeling radius) than carbene species. However, revealing the contribution of these species has become
important to understand the labeling preference of the alkyl diazirine PAL tag.®
2. Diazo compound from acyl triazene
2-1.  Answer of problem 1

- Acyl triazene species is possibly generated as a side product of Staudinger ligation.5”
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+ Key points of answer to problem 1-2

N~ compound A

o)
|
N- 0
) g
P/\)J\(/O o)
Ph, 5
1'6 _O/N
1.7 O
o)
Y
| N7
Ph\P/Ph _ e
O//
\/\g Ph_Ph
acyl triazene 1-10 HZNW/\/P\\O
o)

compound B

1. Side chains of D (Asp) and E (Glu), and C-terminal carboxylic acid could be esterified by compound

A

2. The negative charge is reduced or eliminated by esterification.

3. The cationic and neutral molecules are delivered more readily into cells than anionic molecules.
4. Referring to the possibility of the hydrolysis of the ester in the cells.
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2-2.  Determination of acyl triazene structure®
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Figure 2. Generation of thermally stable acyl triazene 14 from aryl azide 12.

2-3.  Ratio of ligation and diazo product®

* Product ratio depends on the leaving group (pKa, acyl migration vs. N2 expulsion).
Table 1. Reactivity of phosphinoester
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2-4.  Cell membrane permeability

+ Cationic and neutral molecules are more readily delivered into cells than anionic molecules because of
a. Exclusion of hydrophilic charged molecules from the hydrophobic environment of the lipid bilayer
b. Electrostatic repulsion from the anionic glycocalyx (glycoprotein and glycolipid covering the

membrane of cells)'©
c. Plasma membrane potential [c.f. poly R, DiBAC4(3) assay]
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Figure 3. Representative anionic units in glycocalyx.

- Esterification of carboxylic acids [D (Asp), E (Glu), and C-terminus, indicated in red in the below
sequence] of proteins can reduce the charge repulsion and increase hydrophobicity, which could facilitate
the membrane permeability.

superfolder GFP (sfGFP, the N-terminus was modified by His6-spacer-TEV protease recognition
sequence)

261 amino acids (exact mass 29,343 Da)

sequence:

MHHHHHHSSG VDLGTENLYF QGMVSKGEEL FTGVVPILVE LDGDVNGHKF SVRGEGEGDA TIGKLTLKFI
CTTGKLPVPW PTLVTTLTYG VQCFSRYPDH MKQHDFFKSA MPEGYVQERT ISFKDDGKYK TRAVVKFEGD
TLVNRIELKG TDFKEDGNIIL GHKLEYNFNS HNVYITADKQ KNGIKANFTV RHNVEDGSVQ LADHYQQNTP
IGDGPVLLPD NHYLSTQTVL SKDPNEKRDH MVLHEYVNAA GITLGMDELY K (C-terminus)
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Figure 4. MALDI-TOF MS spectrum of GFP esterified with compound A (100 eq, 3 eq. per carboxyl
group). m/z + 175 u per ester.
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+ The esterified protein permeates the cell membrane even at 4 °C, indicating that endocytotic pathway
does not involve with the cellular uptake of the protein (Figure 5).

Hoechst 33342 WGA GFP

GFP-1
4°C

Figure 5. Fluorescence imaging of GFP/protein 1-treated CHO (Chinese hamster ovary)-K1 cells. The
cells were incubated with protein (15 uM) for 2 h at 37 °C. WGA = fluorescence-labeled wheat germ
agglutinin (plasma membrane indicator).

GFP-1
37°C

+ The accumulation of GFP indicates that the esterified protein could be hydrolyzed by cytosolic esterase
(similar to acetoxymethyl ester of fluorescent dyes such as calcein-AM):
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Figure 6. Schematic diagram of cellular accumulation of the GFP.
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- Supporting data for involvement of the cytosolic esterase:

a. Unmodified protein signal (FLAG-angiogenin, m/z 15,270 + 175 u per ester) was observed in
MALDI-MS analysis after treatment of the esterified protein with CHO cell extract.
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Figure 7. Change of MALDI-TOF MS spectra of FLAG-angiotensin.

b. Fluorescence intensity increased depending on the incubation time: intracellular trapping protein 1
occurs by hydrolysis of the esters.
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Figure 8. Time-course for the cellular internalization of protein 1. CHO-K1 cells were incubated with
protein 1 (4 uM) at 37 °C. The cellular fluorescence intensity was quantified by flow cytometry.
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3. Diazo compound from diazirine

3-1. Diazirine species for PAL

- As a tag for PAL, 3-trifluoromethyl-3-phenyldiazirine (a.k.a. TPD, see also below) is now widely used.*?
In many reports, alkyl diazirines also gave successful results, while it is important to consider the

difference in their reactivity for interpreting the outcomes.

3-2. Trifluoromethylphenyl diazirine vs alkyl diazirine

diazo compound: reacts in the dark
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- In the case of TPD, triplet carbene is ground state,'*14 although stable spin state could be affected by
hydrogen bonding of solvent molecules.*®

- note: solution half-life:'® singlet carbene ti» < 1 ns; triplet carbene ti, = 2 ps; diazonium ion ~0.4 s
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- As aforementioned, D (Asp), E (Glu), and C-terminal carboxylic acid are reactive against diazo

compounds generated from the alkyl diazirines in the protein modification.'”:18

3-3. Photo-methionine/photo-leucine for photo-crosslinking®

+ The structures and properties of photo-methionine and photo-leucine show high similarity to the
proteinogenic methionine (Met, M) and leucine (Leu, L), which allows these photo-activatable amino acids
to be incorporated into proteins by the mammalian translation machinery. It is important that both amino
acids behave as alkyl diazirines.

proteinogenic amino acid photoactivatable version
/TIO YH\OIO
s NH, A NH;
N=N
L-methionine (2-19) L-photo-methionine (2-1)
OH OH
e S
NH, N=N NH,
L-leucine (2-20) L-photo-leucine (2-21)

Figure 9. Structures of photo-methionine 2-1 and photo-leucine 2-21.

3-4. Sequence of bovine GCAP2

Protein 1 is photomethionine-modified guanylyl cyclase-activating protein 2 (GCAP2):

guanylyl cyclase-activating protein 2 (GCAP2, Bos taurus)

204 amino acids (exact mass 23,728 Da)

sequence:

MGQQFSWEEA EENGAVGAAD AAQLQEWYKK FLEECPSGTL FMHEFKREFFK VPDNEEATQY
VEAMFRAFDT NGDNTIDFLE YVAALNLVLR GTLEHKLKWT FKIYDKDRNG CIDRQELLDIT
VESIYKLKKA CSVEVEAEQQ GKLLTPEEVV DRIFLLVDEN GDGQLSLNEF VEGARRDKWV
MKMLOMDLNP SSWISQORRK SAMEFE

- Several methionine (M) residues are substituted with photo-methionine (x) in protein 1. At least, Met64
(highlighted in red in the above sequence) is substituted with x.

peptide B4 (residues 51-66: VPDNEEATQYVEAXEFR) is highlighted in yellow.
exact mass: 1905.8

peptide B: (residues 183-198: MLOMDLNPSSWISQOR) is highlighted in cyan.
exact mass: 1932.9
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+ note: digestion of the protein for LC-MS/MS
a. Trypsin cleaves amide bonds at the C-terminal side of K (lysine) and R (arginine) residues
b. Asp-N cleaves amide bonds at the N-terminal side of D (aspartic acid) and C (cysteine) residues
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Figure 10. MS/MS spectrum of peptide B. The analysis was conducted on an Orbitrap Fusion Tribrid or
an Orbitrap Q-Exactive Plus mass spectrometer.

+ Based on the product ions in the MS/MS analysis, the carbene-mediated reaction is unlikely (signals
1934 and 1879 correspond to peptide B2 and peptide B1-28 u [M+H]")
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3-5. Answer of problem 2

+ Based on the reactivity and fragmentation in the MS/MS, the esterification via diazo compound likely
occurred at the side-chain carboxylic acid of D (Asp). In the three-dimensional structure, two amino-acid
residues have spatial proximity (Figure 11).
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Figure 11. Three-dimensional structure of bovine GCAP2 (solution NMR-based structure, PDB ID:
1JBA). Met-64 and Asp-187 are indicated in red. The distance of the S atom of Met and the oxygen
atom of the carboxylic acid of Asp is also displayed.
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