YAKUGAKU ZASSHI 122(12) 1123—1131 (2002) © 2002 The Pharmaceutical Society of Japan 1123

—Reviews—
FTRUTLF v > RINDORFEMES — FEERTF Kk OILEEE

B F0 ST

Structures of Peptides Related to the Inactivation Gate on Sodium Channels

Kazuhide MIYAMOTO

Graduate School of Pharmaceutical Sciences, Kyoto University, 46-29
Yoshidashimoadachi-cho, Sakyo-ku, Kyoto 606-8501, Japan

(Received August 15, 2002)

The peptides related to inactivation of sodium channels were synthesized by the solid-phase method for the purpose
of proposing a more precise concept than so far obtained for the inactivation and to determine the main factors that con-
trol inactivation. The three-dimensional structures of the peptides were determined using 'H-NMR spectroscopy. It was
newly discovered that hydrogen bonding was formed between the amide proton of Ile in the IFM (IFM1488-1490) motif
of the III-IV linker and the hydroxyl oxygen atom of the side chain of Thr located adjacent to the IFM motif. This
hydrogen bonding characterizes the structure around the IFM motif. By calculating the solvent-accessible surface area of
the peptide corresponding to the III-IV linker, it was found that a hydrophobic cluster was formed. The hydrophobic
cluster stabilizes the structure of the IFM motif. Moreover, the solvent-accessible surface area of the IFM motif corre-
lated with the sustained currents of the incompletely inactivated sodium channels. The free energy of stabilization by
hydrophobic interactions (4G, —3.9 kcal mol~!), which is calculated from the solvent-accessible surface area for the
IFM motif (195 A2), was in good agreement with that calculated for the equilibrium between the open and the inacti-
vated states of the sodium channels (—4.1 kcal mol~!) . The structure of the III-IV linker peptide in a phosphate buffer
also formed a hydrophobic cluster, as well as in SDS micelles, although no hydrogen bonding was formed. This distinc-
tion results in the following conformational change in the IFM motif: in SDS micelles, the side chains of Ile and Phe in
the IFM motif were directed to the hydrophobic cluster, whereas those in a phosphate buffer were directed opposite to
the cluster and solvent exposed. The secondary structures of IIIS4-S5 and IVS4-S5, which are considered to form a
receptor site, assumed a-helical conformations around the N-terminal half of the sequences. The residue A1329 in MP—
D3, which is considered to interact with F1489 of the IFM motif, was found to locate within the a-helix. A hydrophobic
cluster was formed on one side of the helix of MP-D4, which also plays an important role in the inactivation. A new con-
cept for the process of fast inactivation is presented. In response to the voltage-dependent activation and the movement
of the S4 segments, the two hydrophobic clusters due to the IVS4-S5 and the III-1V linker interact with each other. This
interaction increases the hydrophobicity around the IFM motif. The increased hydrophobicity causes the conformation-
al switching of the IF1488-1489 residues to allow F1489 to interact with A1329 of IIIS4-S5 and/or with N1662 in IVS4—
S5. As a consequence of this process, the inactivation gate closes.
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Fig. 1. Schematic Representation for the Sodium Channel o-Subunit
The amino acid sequences of the peptides used in this study is shown using one-letter symbol.
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Fig. 2. Structures of (A) MP-3A and (B) MP—4A
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Fig. 3. Structures of (A) MP (rb)-3QFMT, (B) MP (rb)-3IFMM, (C) MP (hh)-3A, and (D) MP (hh) -3IFMM

B NaF ¥ >FINICBIFBIFM EF—70D 1/Q
BEHIIATEELICZEAEEEE G0N, T/
M BHIIAEEICH L TRE<EZEE 525 L
WO BRAEMFENA R Z, 417 RIFIEIC K 2 iR
PG RICE DWW TKERE O DOH BOB L0 5 3t
HTEZZEN o7, IIMEF—T7D Ile &
Thr & D DKFZREE RS REVEICES D>
TWBZ ENfsEimInr.

4. TMEF—7 LY D CRmD7 I /LT
D& R U HEE
IFMEF—7&X0D% C RN ETSY I/
BRI AIE AL — N OB L TED L S 7
BENEZREZL TWBEONERFNT 5202, M-IV
U A —fEEPICh D 36 HENSKD T 2/ R
HzEHEDORTF R (MP-5A, K1482-A1517) DR
H1&E % NMR Z W TIRE L /2. 1 Fig. 4A 1T MP-
5A @ D1487-Ser (S) 1506 fE i D it 2~ L, Fig.
4B IZ Rohl 5 MBEICHE L TW5B Y > L% g
(pH 6.5) D#EEZ R L /2. 19 MP-5A D1 % Rohl
SONRIE U 7o il & HLBRET 972 S 2Tz E
EFE U THo =Y, 11488 KU F1489 D I D[ &

MBERZROTWBZEERHBLE. ZOMER

11488 & T1491 & DRI DK FEHE G R DIEWNWIZIK S
HEDTHh%. Thbb, ERdO MP-3A LHEERIC
MP-5A OEEICHB W TS 11488 & T1491 E DT
KEREDERINDEZEICE>TIFM £F—7
ODREENLZEILINTNWSH, —J D Rohl 5 3k
ELETIE ZOKRB/BEDERINTB ST,

IFM £ F — 7 th @ 11488-F1489 O il 4 O [fi] & 7%
MP-5A OEEDZN EIFH DM EITI> TWD,

ZORFREERROAIIC LS IFM TF — 7 il b5
DA T F—A—= 3 >DENVIZLD, Rohl 58
WRELZY CEEERRTOBETERIN TN
M1490, TyrTyr (YY) 14971498, J X M1501 71 5 ki
LK 525 —1TA T, MP-5A OfiE Tl
11488-F1489 % ff: o 7= K ETRBf/KME D T 2 & — 01
BRENTNWB I ENGMho/ Fig. 5123/ U—7
LT LA %W MP-SA DR v 42 i 7
fZmrLKE. 2 kD, 11488, F1489, M1490,
YY1497-1498, U M1501 70 5 k% Bk 7 5 2
F—MERINTNWD I ENgh5. RiZ, ITFM
EF— 7 ORMMEEAEELT — SO & ORI



No. 12

1127

Fig. 4. Comparison of the Structures at the IFM Motif in the III-IV Linker (A) Determined in SDS Micelles and (B) Determined by

Rohl et al. in a Phosphate Buffer
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Fig. 5. Solvent Accessible Surface for the Residues between 11488 and S1506 in MP-5SA
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Fig. 6. A Plot of Surface Area (in A2) of the IFM Motif Determined for Variously Substituted Peptides at Round the IFM Motif ver-
sus Sustained Current (in %) for the Corresponding Mutant Sodium Channel Proteins: (1) MP—4A, (2) MP (rb)-QFMT, (3) MP-
3A, (4) MP (hh)-3A, (5) MP-5A, (6) MP (rb)-3IFMM, (7) MP (hh)-3IFMM, (8) the structure determined by Rohl et al.
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Fig. 7. Reactivities of the F1489C Substituted Sodium Channel and the MTS Reagent
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u—helix

Fig. 8. Structures of MP—-D4 Superimposed between Residues T1648 and 11666
(A) Backbone heavy atoms, (B) Cylinders for an o-helix and ribbons for the rest.
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Fig. 10. A Schematic Representation for the Interactions between III-IV Linker and Its Receptors
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