K Za

AL (B 24y BF)

# AR F S

PR G- O B A

AL G- OB

EVA

i

i 3 A&

v
/

A Bk
o ()
AR 2R 1776 5
VR 27435 24 H

A RO FER AR
BLRIZE 6 58 55 1 THGL Y

1k
=

Development of a Novel Quantitative Method for Protein S—

Palmitoylation and Exploration of Depalmitoylating Enzymes

for PSD-95
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Summary of thesis contents

Protein S-palmitoylation is one of the reversibly regulated post-translational modifications.

S-palmitoylation is an addition of a lipid palmitate to a specific cysteine residue via a thioester

bond and plays a critical role in protein trafficking and function. S-palmitoylation modifies

various types of proteins such as signaling molecules, ion channels, and scaffolding proteins.

Post-synaptic scaffolding protein PSD-95 is one of the most intensively studied S-palmitoylated

proteins and S-palmitoylation of PSD-95 is essential for its post-synaptic targeting. The

palmitate cycling on palmitoyl proteins is dynamically regulated by palmitoyl acyltransferases

(PATs) and palmitoyl-protein thioesterases (PPTs). Although the DHHC protein family has

recently emerged as genetically conserved PATs, PPTs (i.e., depalmitoylating enzymes) remain

controversial since 1970s. Thus, the regulatory mechanism of reversible S-palmitoylation is

incompletely understood. Another important issue in the S-palmitoylation research is the lack of

the quantitative method to address S-palmitoylation stoichiometries of proteins in cells or tissues.

Here, | challenged these two fundamental questions. In Chapter 1, | developed a novel method,

acyl-PEGyl exchange gel shift (APEGS) assay, which allows quantification of the number of

S-palmitoylation sites in palmitoylated proteins and their in vivo palmitoylation stoichiometries.

In Chapter 2, | explored PSD-95 palmitoyl-protein thioesterases (P-PPTs).

The principle of the APEGS assay | developed is that the exchange of palmitates with
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high-molecular weight polymers, polyethylene glycols (PEGs), at the reversibly palmitoylated

thiols induces the mobility shift of S-palmitoylated proteins on sodium dodecyl

sulfate-polyacrylamide gel electrophoresis. The APEGS assay is composed of four chemical

reactions: 1) reduction of intra- and intermolecular disulfide bonds by tris-(2-carboxyethyl)

phosphine; 2) blockade of non-palmitoylated cysteine residues with a thiol specific modification

reagent, N-ethyl maleimide; 3) cleavage of palmitoyl-cysteine thioester bonds with

hydroxylamine treatment; and 4) introduction of maleimide-conjugated PEGs into newly exposed

cysteines. | first optimized the conditions of individual chemical reactions and demonstrated that

the extent of mobility shift observed in the APEGS assay depends on the number of

S-palmitoylation sites using PSD-95 as a model substrate. Then, | applied this APEGS assay to

various S-palmitoylated proteins in cultured rat hippocampal neurons and quantified the number

of sites and stoichiometries of S-palmitoylation of previously reported palmitoyl proteins,

including PSD-95, Hras, and Gag. | for the first time found that about 80% of PSD-95 was

di-palmitoylated in neurons and that the rest (~20%) of PSD-95 was not palmitoylated in neurons.

I also found that depalmitoylation of PSD-95 was faster than that of Hras in neurons and that two

palmitates on PSD-95 were cleaved almost at the same time with a half-life of 1.8 £ 0.4 hours.

Furthermore, the mathematical simulation suggests that the palmitoylation reaction of PSD-95 is

four times as fast as the depalmitoylation reaction.
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Next, | explored PSD-95 depalmitoylating enzymes, P-PPTs. Because thioesterases mainly

belong to huge serine hydrolase superfamily including proteases, esterases, and lipases, |

attempted to examine whether members of uncharacterized serine hydrolases have PPT activities.

I isolated 38 genes of mouse or rat serine hydrolases and examined their effects on the

palmitoylation level of PSD-95 by a metabolic labeling assay with [3H]-palmitate in HEK293T

cells. 1 found that 10 candidates showed activities to reduce PSD-95 palmitoylation levels.

Importantly, these candidates belong to a distinct phylogenetic subgroup. I confirmed that these

candidates were expressed in cultured rat hippocampal neurons and then investigated their

subcellular localization. | found that only three members were uniquely localized at/near the

post-synaptic membranes in rat hippocampal neurons, which were referred to as post-synaptic

P-PPTs in this study. Since PSD-95 is expected to be depalmitoylated mainly at post-synaptic

membranes, | selected post-synaptic P-PPTs for further analysis. | predicted and experimentally

verified the catalytic triad amino acid residues of post-synaptic P-PPTs. | found that an

ectopically expressed post-synaptic P-PPT directly bound to PSD-95 and dramatically reduced

the palmitoylation level of endogenous PSD-95 in neurons. Then, | prepared rat hippocampal

neurons in which three post-synaptic P-PPTs or the other candidate proteins were knocked down

by using microRNA encoding adeno-associated viruses and investigated their effects on the

depalmitoylation process of PSD-95. However, the depalmitoylation process of PSD-95 was not

largely changed under the present experimental condition. This result raises three possibilities:
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1) insufficient knockdown, 2) molecular redundancy of P-PPTs, and 3) existence of other

authentic candidates.

In conclusion, | established a novel method APEGS that for the first time provides quantitative

information about the number of sites and stoichiometry of S-palmitoylation in vivo. This method

will widely and rapidly spread over the S-palmitoylation research. Furthermore, | obtained 10

candidate proteins for PSD-95 depalmitoylating enzymes and characterized post-synaptic P-PPTs.

Thus, my study should contribute to elucidating the molecular mechanism for the reversible

S-palmitoylation in diverse cellular processes.
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Summary of the results of the doctoral thesis screening

BAHBEONSLVI M E, EHEZ MO RE O ICER S & 57200 & E e FHR
BEMCTH DL, Amix, EAE SV M MEOEERERNBTEEHRSLL., Zh
FAWTHRA N7 RAEHEPSD-950 %L A ML SV A b7 o' XD
HETVHER S RITH VI M MLEMBERRAZRE LT D,

BEHE NV b VBIE, BHEDO VAT A VEREIZ ANV I FUBBREE T D Al
HkSNEIEEEMTHY ., BEAEORAESCHERZHE T 5, 2~V I M A vbix, Mkt
WIS T TNV A NMLEER PV FANMEBERICZ VG S EE 25T
Wb, T, HBEENTTET 2MARICE W THALTY (vUR) BT 5250 AL
fbBEFE 7 7 I U —ERAEDNFEE S, ZOMHRMT A 2SN TE A, s M Ak
FERIZFE I N Wiy, 72, NI MMM EEBREDOA M A A MY — (MRAIC
BTNV M AELEREOHEE) ICEKL I DEEMMITFIEL RPN G,
NIV MM IBERMO AR ERITIHICHBES ATV RN ST,

MRS X AR s 7 R8T HRENR2 VI MM VEEBE Th 5 PSD-9510 %
HL. 7V A AL O BLE EWRNT FIEOMESL & Bl SV I N A MALEERE O PRIRITELY
AT, ABRBEDIFEROSIZ XY NV PAMEEBEO RV AV EESFRY =
—TCThirR)xzFL o7 Ua— (PEG) 2T 52 LT, EXIKE L, ~LI hAL
EENTWEEEBIZIE L TEAEDO NN R 7 &8T5 F1E (acyl-PEGyl
exchange gel shift: APEGS) #BA% L7z, ®iZ, APEGSIEZHWT, 7 v MEEEE
AR IC 31T 2 NTEMEPSD-950D XL X K A W b L)L 2 B BJICIRENT LTz, & DORESE.
PSD-95D #180% 232 T 75/ I h A ML ST IRBETHEE L, F2 0 D20% B3IV b~ A
MMERETHFEL TCWDL I L2 RE L, o E'EMUMRICESEHHE I I 2L —v
I EMELZEZA, PSD-95D XL I M A b, EFERETIE, AL A kD
ARG RS EITT D22 2R L, £, MRMIAIZK T 2PSD-95D /L X b A LA
PR L8R THAT T H 2 L. BLU20oD LI FALENFIEREICOIB SN D =
EHH LN LT,

W, HATHFTREM SV I bA NVALEER N B Y VK D EERICERT D 2 LItk S&,
Ty FBIO~ T ZAOMAEME B38BT Z WSV b A VA BEMBESR & L CHEEL 72,
9. BHIRNAVIFUEBEHWERE 7 NI X 0 PSD-95IZx 3 2B 30 2 b A L1k
B FIEMEZFEE L. 108 O PSD-95i /S /v 2 b A VAL BEE 5 4 i s 1 (PSD-95
palmitoyl-protein thioesterase: P-PPT & fii 4 )% 157, PSD-95D i /S /L X b A MLIZFEIC
VT ABLHME TR D EZEZLN T NS, KA MY FTFABIP-PPTICHEE LIz E
AL FHFEMEDENE DDA U N=RNT T T ABEHIC/EL TWDLZ xR L, £7,
RA N T T ARP-PPTORRIEME T LERAL NI L, RIZ, 7T JEETA LV ARY
2= HWTRA T F 7 2ARP-PPTA4 Ml (R FEE S &5 & PSD-95D /3L X |k
ANV RANEDTH 2 & ZAPEGSIEIC LY R L2, &&%IC, / v 7 X v U ERICK
D, RARNTF T 2AAP-PPTH L UM O EERE D T > MRS MRMRIZI T 548



(aiaR= 3)

(Separate Form 3)

72 PSD-95i 7SV X b A M b EH > TV DI ERET LT, L LV BAEDO EBRSEME T TIX,

PSD-95O i "V b A b7 v A2 RES B EDL LI BRFBERITEON R -T2,
AWFFRIIBD TENTZNETHY ., 5HOLEITHFORRBIZET I EOLEEZLND,

o T, KL FMmLE LTHFARNEEZAL TNLI DO LEEZERITEBNTAER

—EHCHIE ST,



